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Silicon carbide (SiC) is considered a suitable candidate for high-power, high-frequency
devices due to its wide bandgap, high breakdown field, and high electron mobility. It
also has the unique ability to synthesize graphene on its surface by subliming Si during
an annealing stage. The deposition of SiC is most often carried out using chemical vapor
deposition (CVD) techniques, but little research has been explored with respect to the
sputtering of SiC.
Investigations of the thin film depositions of SiC from pulse sputtering a hollow
cathode SiC target are presented. Although there are many different polytypes of SiC,
techniques are discussed that were used to identify the film polytype on both 4H-SiC
substrates and Si substrates. Results are presented about the ability to incorporate Ge
into the growing SiC films for the purpose of creating a possible heterojunction device
with pure SiC. Efforts to synthesize graphene on these films are introduced and reasons
for the inability to create it are discussed. Analysis mainly includes crystallographic
and morphological studies about the deposited films and their quality using x-ray
diffraction (XRD), reflection high energy electron diffraction (RHEED), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy
(AFM), Auger electron spectroscopy (AES) and Raman spectroscopy. Optical and electrical
properties are also discussed via ellipsometric modeling and resistivity measurements.
The general interpretation of these analytical experiments indicates that the films are
not single crystal. However, the majority of the films, which proved to be the 3C-SiC
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Chapter 1
Introduction
Silicon has long been the dominant semiconductor of choice for power electronics and
power systems applications. However, silicon-based devices are limited in their ability
to operate at high temperatures, voltages, and switching frequencies required for many
industrial and military applications without costly cooling systems. Recently, silicon
carbide (SiC), along with other wide bandgap semiconductors like gallium arsenide
(GaAs), has attracted much attention because it offers benefits over other semiconductor
materials including [1]
• a large bandgap for high-temperature operation and radiation resistance,
• a high critical breakdown field for increased power output,
• an improved saturation electron velocity for high-frequency operation,
• and a high thermal conductivity which improves over-heating issues associated
with high-power devices.
Despite these advantages, the added development time required to reduce the presence
of crystal defects during material processing has contributed to a lack of rapid progress
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in making reliable SiC power devices. Nonetheless, SiC research has accelerated over
the past 15 years in electronic and optoelectronic applications due, in large part, to the
commercial availability of SiC substrates of increasing diameter and quality [2]. SiC
wafers up to 50 mm in diameter available in 1999 [3], 75 mm in 2002 [2], 100 mm in
2007 [4], with plans for 150 mm wafers in 2011 [5] make commercially viable SiC devices
more feasible. Although less developed than traditional silicon-based semiconductor
technology, the necessity for wide bandgap semiconductors will continue to exist in
industrial and military areas that cannot be assuaged by silicon products, spurring further
development in SiC materials and devices.
1.1 History
In 1824 Jo¨ns Jacob Berzelius, who, according to Kordina and Saddow [6], is mainly known
for his discovery of Si, speculated that there was a chemical bond between Si and C in
his experimental sample [6]. SiC, also known as carborundum, was discovered in the
rare mineral form now known as moissanite in 1893 by Henri Moissan in Canyon Diablo,
Arizona [7]. Since this time it has been synthesized in Acheson furnaces [8] from quartz
sand and graphite on an industrial scale for use as an abrasive material. Discovery and
identification of a SiC light emitting diode (LED) occurred in 1907 when Round published
a short article entitled “A Note on Carborundum” [9]. Work on SiC became limited until
bulk crystalline SiC platelets were prepared using the Lely method in 1955 [10]. In 1959
the first international conference on SiC was held in Boston, Massachusetts. Research in
SiC dwindled in the 1960s and 1970s because of the decline in corporate and government
funding due to bad economic conditions [11]. Seeded sublimation growth was invented
in the late 1970s by Tairov and Tsvetkov that enabled faster growth rates and large
boules [12]. A renewed interest in SiC was sparked after the discovery of heteroepitaxial
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growth of thin SiC films [13] and micron-thick SiC layers [14, 15] on silicon in the early
1980s. Since then the number of SiC publications has steadily increased as SiC awareness
spread through scientific communities like the Society of SiC and Related Wide Bandgap
Semiconductors, founded in 1984, and conferences dedicated to SiC [16].
Commercially, SiC is mainly used in the materials area for Schottky diodes, high-
frequency metal semiconductor field effect transistors (MESFETs), and as a substrate for
blue LEDs made from GaN [6]. SiC has also been gathering more favor since 2004 as a
means to synthesize graphene (a 1-D plane of hexagonally patterned carbon atoms with
exceptional electronic transport properties [17]) through controlled graphitization of SiC
surfaces [18].
1.2 Motivation




4. radiation hard electronics,
5. high-power/high-frequency devices,
6. and epitaxial graphene synthesis.
The following research is devoted to developing the material properties necessary to
produce commercially viable products for areas 3 and 5 with some future applicability
to area 6. The primary motivation is to develop a heterojunction partner for SiC that
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can provide bandgap grading by incorporating a small amount of germanium into
the SiC lattice. A significant advantage of heterojunction devices is that the carrier
properties of the electrons and holes can be considerably decoupled. In a heterojunction
bipolar transistor (HBT), the base-emitter heterojunction allows for large base impurity
concentrations without sacrificing large current gains [19]. Graded heterojunction devices
produce significantly larger current gains than abrupt heterojunction devices because,
as seen in Figure 1.1, the energy barrier for electron injection into the base is reduced
while the energy barrier for hole back-injection into the emitter is maintained [20].

























Figure 1.1: Band diagram of the emitter-base junction using (a) a uniform base and (b) a
graded base. The barrier for electron injection into the base has been reduced in the graded
base while maintaining the large barrier for back-injected holes.
into the collector. Controlled substitution of germanium atoms into the SiC structure
creates an opportunity to tailor wide bandgap heterojunction power devices with high
breakdown voltages, high temperature operation, and increased current capability over
silicon and SiC homojunctions.
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Material Properties
SiC has been regarded as a promising material for high-temperature, high-power, and
high-frequency devices due to its wide bandgap, heat conductivity, and stability under
stringent thermal, chemical, and electromagnetic radiation. It can also crystallize in vari-
ous forms which have the same chemical composition but different electrical properties
offering numerous possibilities for SiC-based heterostructures.
2.1 Crystal Structure
In 1912 it was discovered that SiC occurs in many different crystalline forms [21], later
coined polytypes1 [22], that depend on the stacking sequence of the SiC bilayers. Over
200 polytypes have been observed having a cubic (C), hexagonal (H), or rhombohedral
(R) Bravais lattice [23]. A SiC bilayer consists of a horizontal plane of hexagonally close-
packed silicon atoms with matching carbon atoms bonded directly above (along the
vertical axis) a corresponding silicon atom. The SiC bilayers vertically stack by arranging
in one of three possible hexagonal close-packed patterns typically labeled A, B, or C
1Polytypism is a 1-D variation of polymorphism resulting from unique stacking sequences of the
crystals.
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with each layer fitting into the gaps made by the previous layer as in Figure 2.1. All
B on A C on A C on B on A A on B on A
Figure 2.1: Hexagonally close-packed SiC bilayers showcasing possible stacking positions for
the three patterns: A, B, and C.
SiC polytypes are formed by this basic stacking of layers along the vertical axis or, in
crystallography, the c-axis. The most frequently occurring are the 6H, 4H, 3C, and 15R
polytypes [24], with the structures schematically shown in the (1120) plane in Figure 2.2.
The cubic form is also referred to as β-SiC while hexagonal and rhombohedral forms are
sometimes referred to as α-SiC [25]. The number represents the number of stacked layers
along the c-axis before the pattern repeats while the letter denotes the simplest Bravais
lattice. This polytype representation is called the Ramsdell notation [26]. Based upon the
primitive unit cell structure, the stacking direction for the cubic and rhombohedral forms
of SiC is along the [111] direction while the stacking direction for the hexagonal forms of
SiC is along the [0001] direction.
The stacking sequence for each polytype always occurs in such a manner that each
silicon or carbon atom is surrounded by four first neighbor carbon or silicon atoms,
respectively, in strong tetrahedral sp3 bonds. These bonds are 88% covalent and 12% ionic
with a bonding distance of 1.89 A˚ [16]. The polytype differences are exhibited by second
neighbor locations described by the Jagodzinski notation [27] where k describes an atom
site with a cubic configuration of second neighbors, like that of the B atoms in the ABC
stack of Figure 2.1, and h describes an atom site with a hexagonal configuration of second
neighbors, like that of the B atoms in the ABA stack of Figure 2.1. When viewed along the














The black dots signify carbon atoms
bonded vertically above the silicon atoms;
they are not explicitly indicated in some
of the diagrams.
































(1120) plane (110) plane (1120) plane
5.048 A














































a = 12.691 A
 = 13.89
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2H: a = 3.076 A, c = 5.048 A 
4H: a = 3.073 A, c = 10.053 A 
6H: a = 3.081 A, c = 15.117 A 
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Figure 2.2: Crystal structure of the 2H-, 3C-, 4H-, 6H-, and 15R-SiC polytypes in the (1120)
plane, (110) plane for 3C-SiC, along with layer stacking sequences and lattice constants. The
rhombohedral unit cell of the 15R polytype is shown in pink to assist in showing that the
stacking direction is indeed along the [111] direction as for the 3C polytype.
c-axis, as in Figure 2.1, the k sites in the ABC stack have second neighbors on the A and
C planes that are staggered whereas the h sites of the ABA stack have second neighbors
on the two A planes that overlap. The ratio between the number of atoms in hexagonal
sites and the total number of atoms in the unit cell determines the hexagonality, γ, of the





where Nh represents the number of atoms in hexagonal sites and Nk represents the
number of atoms in cubic sites in one unique stacking sequence. The hexagonality
can range from zero (3C-SiC) to one (2H-SiC). The hexagonality percentage, stacking
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order, Jagodzinski notation, and lattice constants for common SiC polytypes are further
summarized in Table 2.1.
Table 2.1: Crystal structure notation and parameters for common SiC polytypes [16].
2H-SiC 4H-SiC 15R-SiC 6H-SiC 3C-SiC
Hexagonality, γ (%) 100 50 40 33 0
Jagodzinski notation h hk hkkhk hkk k
Stacking sequence AB ABCB ABCACBCABACABCB ABCACB ABC
Lattice constants (A˚) a = 3.076 a = 3.073 a = 12.691 a = 3.081 a = 4.36
c = 5.048 c = 10.053 c = 15.117
Atoms/Unit cell 4 8 10 12 2
Space group P63mc P63mc R3m P63mc F43m
2.2 Physical and Electrical Characteristics
The numerous polytypes and corresponding crystal structures of SiC imply a diverse
range of electrical characteristics. However, they all share the quality of having a wide,
indirect bandgap with a high breakdown voltage and a high saturation electron drift
velocity which aids in the ability to make suitable high-temperature, high-power, and
high-frequency electronic devices. SiC is also chemically inert and exhibits a hardness
slightly less than that of diamond. While all SiC polytypes have similar physical and
thermal properties, their electrical and optical properties differ [28]. Depending on the
designated application, one polytype may have more suitable characteristics than the
other making SiC a versatile semiconductor material.
The more telling physical and electrical properties of 3C-, 4H-, and 6H-SiC are
tabulated in Table 2.2 with comparisons to silicon. Because 2H crystals currently exist
only in needle form [29], often referred to as whiskers, most of the physical and electrical
properties have not been determined.
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Table 2.2: Physical and electrical properties for common SiC polytypes at 300 K [16, 30–35].
4H-SiC 15R-SiC 6H-SiC 3C-SiC Si
Bandgap (eV) 3.26 2.9863a 3.0 2.39 1.12
Thermal Conductivity (W/cm-K) 3.7 - 4.9b , 3.3c 3.2 1.56
Thermal Expansion Coefficient (10−6/K) 3.3b , 3.2c - 4.3b , 4.7c 2.77 2.6
Relative Dielectric Constant, ε0 10.35b , 10.9c Use 6H 9.66b , 10.03c 9.75 11.9
Relative Dielectric Constant, ε∞ 6.5b , 6.7c Use 6H 6.52b , 6.70c 6.52 11.9
Breakdown Field (106 V/cm) 5.9c 5.4c 3.7b , 5.5c > 1.5 0.3
Saturation Velocityb , vd (107 cm/s) 2.0b , 0.33c 0.12b 2.0b , 0.2c 2.5 1.0
Electron Mobilityd , µe (cm2/V-s) 450 382 300 310 1200
Hole Mobilityd , µh (cm2/V-s) 99 - 83 40 410
a Measured at T = 2 K
b ⊥ to c-axis, along basal plane
c ‖ to c-axis
d At a carrier density of N = 1017 cm-3
The wide energy bandgaps allow SiC electronic devices to operate at high temperatures
without suffering from intrinsic carrier conduction effects. The large bandgap creates
a barrier that prevents the thermal ionization of electrons from the valence band to
conduction band until extremely high temperatures are attained. As seen in Table 2.2,
SiC can withstand an electric field 5 to 20 times greater than Si without undergoing
avalanche breakdown [36]. This high breakdown electric field enables the creation of
high-voltage and high-power devices while providing a buffer to breakdown across
devices in a densely packed integrated circuit. In concert with its high breakdown electric
field strength, SiC devices can also operate at high frequencies due to a large saturation
electron drift velocity which is 2–2.5 times that of Si [37].
SiC also has the attributes of an excellent thermal conductor. At room temperature,
Cree asserts that SiC has a higher thermal conductivity than any metal [38]. As internal
temperatures increase in a device, the material properties generally degrade from a
decrease in carrier mobility and resistive losses. A high thermal conductivity enables SiC
devices to operate at high power levels by dissipating the large amounts of generated
excess heat into the package.
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2.3 Crystal Growth
SiC does not melt in a conventional fashion due to its high thermal stability, but instead
gradually sublimes at the process temperature, typically above 2000 ◦C [39]. Therefore,
using the Czochralski process to form large single crystal ingots by pulling a seed crystal
from a melt becomes impractical. Although this technique works for silicon single crystal
ingots, SiC boules generally form by sublimation using two similar techniques: seeded
sublimation and high temperature chemical vapor deposition (HTCVD).
2.3.1 Bulk Growth
Instead of a melting process, SiC boules are formed by a seeded sublimation process
known as the Lely method [10] and improved upon by Tairov and Tsvetkov [12] as
mentioned in §1.1. As depicted in Figure 2.3a, a graphite crucible encloses the SiC
source powder and seed crystal elevated above the source. Heating coils create a thermal
gradient that is slightly hotter at the source than the seed so that the powder sublimes
towards the seed crystal where it condenses. The growth rate typically lies between 200
and 500 µm/h which depends on the source temperature, thermal gradient, vacuum
pressure, and the surface area of the source material. During growth, gaseous (N2) as
well as solid (B, Al, V) dopants can be used to adjust the electrical properties of the
growing semiconductor crystal. The temperature field inside the growth cell determines
the interface shape and has an impact on faceting and defect generation.
The other technique used to grow large boules of single crystal SiC was introduced
in the mid 1990s [40] and operates in a similar fashion to seeded sublimation. A heated
reactor chamber like that in Figure 2.3b is used to hold the seed crystal while the source
material enters in vapor form through an inlet at the bottom. The gases are mainly
silane, ethylene, and a helium carrier. The temperature increases substantially from the
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(a) (b)
Figure 2.3: Bulk growth techniques to manufacture SiC boules and wafers using (a) seeded
sublimation growth and the recently devised (b) HTCVD growth.
entrance to the sublimation zone where the gases sublime to form Si, Si2C, and SiC2.
The temperature slightly decreases at the seed crystal to promote condensation of the
sublimed particles. An increase in the gas flux at the input increases the growth rate but
care must be taken to ensure the concentration is not too high to inhibit the vapor from
subliming. The achievable growth rates are approximately 1 mm/hr. As the boule length
grows, the seed mount can rotate away from the entrance to keep the crystal surface at
the same distance and temperature enabling constant growth parameters.
HTCVD grown crystals tend to form more intrinsically insulating than the seeded
sublimation method because of the higher purity vapor source [6]. However, since early
homoepitaxial SiC growth was more easily obtained on SiC wafers with cuts 4◦ to 8◦
off-axis from the c-axis, both techniques lost material during the cutting process [41].
The off-axis cuts aid in step-flow growth which help eliminate defects. As research has
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progressed, the necessity of off-axis wafers has subsided somewhat, but because of the
time and expenditures invested in removing these defects, SiC wafers still continue to be
expensive.
Most of the commercial production and research involving bulk SiC growth has
focused on the α form of SiC, specifically the 4H- and 6H-SiC polytypes. Rhombohedral
SiC (15R) substrates have also been grown using the Acheson process [42] and Lely
method [43], although in smaller quantities specifically for research purposes. Whereas
these substrates have continually improved in quality due to the extensive research
effort put into their growth techniques, this is not the case for 3C-SiC. Techniques for
growing 3C-SiC bulk wafers have been considered but the implementation of growing
a high-quality seed crystal and avoiding defects have prevented the production of any
commercially available bulk 3C-SiC crystals [44, 45].
2.3.2 Defects
All grown SiC crystals exhibit defects that may occur in the form of screw dislocations,
twinning, stacking faults, or micropipes. A screw dislocation, as seen in Figure 2.4, is a
result of a slip in the lattice occurring only part way through the crystal and provides the
basis for more specialized defects like hexagonal pits and hillocks to form. The hexagonal
pit density resulting from these dislocations has been reduced by growing SiC ingots
on the (1100) face of the seed crystal rather than the basal (0001) face [46]. Forcing the
growth along the [1100] direction interrupts the screw dislocation whose Burgers vector2
tends to orient along the [0001] direction. However, it was found that smaller, elongated
pits (shell pits) increased in density in SiC ingots grown on (1100) seed faces over those
grown on (0001) seed faces. Hillocks form at the origin of screw dislocations and create a
2The Burgers vector is used to represent the magnitude and direction of the dislocation in a crystal
lattice.
Chapter 2. Material Properties 13
stacking sequence of progressively smaller hexagonal terraces. Their growth has been
studied using different C/Si ratios during CVD deposition [41]. Hillock formation at
the origin of a screw dislocation is schematically depicted at sequentially later stages of




Figure 2.4: Schematic view of a screw dislocation and its subsequent propagation in forming
a hillock.
A twin is characterized by a mirroring of atom positions across the twinning planes.
During crystal growth it is possible for the regular stacking sequence of a SiC polytype
(§2.1) to be temporarily interrupted, shown in Figure 2.5 between the twin planes, creating
a new crystal lattice whose orientation is different from that of the original crystal lattice.
According to Stowell [47], twins are often observed on (111) planes of face-centered
cubic (FCC) crystals. In epitaxially grown 3C-SiC films on (111) Si, twins have a natural
tendency to form because the growth direction is perpendicular to the layer planes so
that there is less information available to the incoming atom from which to determine its






















Figure 2.5: Schematic view of a twinning defect in 3C-SiC on Si viewed along the [110]
direction. The 3C-SiC layers are denoted by letters.
correct lattice position in the current layer of the appropriate stacking sequence.
While the aforementioned defects can be found in low-quality SiC layers, most high-
quality SiC bulk ingots have avoided those problems only to encounter other similar
type defects that are detrimental to device fabrication [6]. Micropipes are hollow cores
that penetrate the entire wafer along the c-axis. Micropipes can be caused by several
screw dislocations congregating in a localized area during growth making it energetically
favorable to open up a hollow core in the center [48]. Simple system contamination can
cause micropipes whereby a stray particle is trapped in the crystal and growth migrates
around it. Others form by vacancy condensation at a helical dislocation.
Micropipes are a source of great concern because any device placed on a micropipe
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is bound to fail. Because SiC is used in high-power applications, large-area devices are
required which increase the likelihood of contacting a micropipe. To achieve device
yields in excess of 80%, micropipe densities must be less than 8 micropipes/cm2 for a
10 A Schottky device and less than 2 micropipes/cm2 for a 20 A Schottky device [6].
Boules grown using the HTCVD method have shown to seal up to 84% of the seed crystal
micropipes in the first wafer cut next to the seed. This limits the micropipe density
to approximately 6 micropipes/cm2 for on-axis substrates and 1.2 micropipes/cm2 for
off-axis substrates [49]. Lowering the density of these defects is an essential prerequisite
for the industrial application of SiC as a substrate material.
Another major obstacle to high-quality bulk SiC ingots is the stacking fault. As
mentioned in §2.1, SiC exists in a multitude of polytypes and meticulous control of growth
parameters is necessary to avoid a fault in the correct stacking sequence. Nonetheless,
stacking faults do occur in α-SiC bulk crystals, usually in the form of an intruding 3C-
SiC layer that can reduce the carrier lifetime. Since 3C-SiC has a lower bandgap than
either 4H-, 6H-, or 15-SiC it acts as a quantum well enhancing the recombination of
carriers inside the bulk [50]. Obviously stacking faults must be eliminated to avoid the
degradation in electrical characteristics that make SiC so valuable in the first place.
2.3.3 Epitaxial Growth
There are several techniques currently used for epitaxial growth: sublimation epitaxy,
liquid phase epitaxy (LPE), or vapor phase epitaxy (VPE). In VPE, the target material may
be transported to the substrate in the form of vapor streams without any chemical change,
as in molecular beam epitaxy (MBE), or transported to the substrate as vapor streams of
volatile species containing the constituent elements that undergo chemical reactions to
form the desired material layer on the substrate, as in chemical vapor deposition (CVD).
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Whereas the sublimation epitaxy techniques developed by Lely and Tairov and
Tsvetkov are used only in the growth of bulk SiC crystals, the sublimation sandwich
method [51] and sublimation epitaxy in vacuum (SEV) [52] can also be employed in het-
eroepitaxy. Epitaxy is carried out between 2100 K and 2300 K, which provides a natural
growth condition for self-nucleation of SiC crystals while decreasing the probability of
structural defect formation [24]. The high vacuum environment also increases the doping
control and its effect on polytype epitaxy. The main disadvantage with this technique
is the depletion of the source material and its subsequent change in Si/C ratio over the
growth duration.
LPE growth of SiC typically involves crystallization of a film from a supersaturated
solution of SiC in a silicon melt. As seen in the phase diagram of Figure 2.6, SiC
precipitates out of a silicon rich mixture of Si and C above 1408 ◦C. A graphite crucible is
used to hold the high-purity Si source and supply the C. By heating the crucible above
this designated temperature and bringing the substrate in contact with the solution, films
of epitaxially grown SiC with growth rates up to one µm/min have been documented
[53]. Although problems arise from compositional control of the melt as the source is
depleted, LPE has shown to fill micropipes from the substrate as the epitaxial layer is
deposited [54].
MBE growth of SiC takes place inside an ultra-high vacuum3 (UHV) chamber using a
low flux of gaseous materials. Knudsen effusion cells are heated to high temperatures
(up to 1400 ◦C) to vaporize ultrapure solid Si and buckminsterfullerene (C60) molecules
[55] or silacyclobutane (SCB), SiC3H8, [56] which will then react on the heated substrate
to form SiC. Solid source carbon is avoided in favor of various carbon molecules because
of the extreme temperatures needed to sublime graphite, which loses mass at a rate of
only 5.8 mg/h at 2350 K (2076.85 ◦C) in high vacuum [57]. The gas fluxes are precisely
3Any pressure below 10-9 Torr is considered ultra-high vacuum.
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Figure 2.6: Phase diagram of SiC for pressures above 108 atm [58].
controlled so that atomically abrupt interfaces and heteropolytype structures can be
formed. This high precision comes at the expense of slow growth rates, with epitaxial
layers forming at speeds ranging from 0.01 to 0.1 nm/s [24], and costly systems to
implement and maintain.
CVD is the most prevalent technique used for growing SiC in the research field and in
developing commercial applications. In hot-wall CVD, a mixture of a hydrocarbon and
silane act as the precursor gases which are passed over a heated SiC or tantalum carbide
(TaC) coated graphite susceptor by the hydrogen carrier gas [6]. The gases decompose
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as they approach the heated susceptor and diffuse through the coating to grow on the
reactor walls or substrate. The precursor gas concentration tends to decrease in the axial
direction as it flows over the susceptor due to the initial consumption of growth species
at the gas inlet. This results in a nonuniform layer thickness in the susceptor and greater
diffusion times to reach the substrate. To alleviate the depletion of active species a tapered
susceptor can be used to increase the precursor flux along the susceptor, pushing the
active species closer to the substrate. Doping can be controlled by introducing nitrogen
for n-type layers and trimethylaluminum (TMA) for p-type layers. Hot-wall CVD reactors
have become popular due to their reproducibility in making high-quality SiC layers.
Layers with thickness uniformity margins within 1% and doping concentration margins
within 2% have been reported [59].
CVD can also be applied to grow epitaxial SiC layers in a vertical chimney reactor
similar to the HTCVD technique [60]. The reactant gases are silane and ethylene mixed
in a hydrogen carrier gas. Silicon clusters are formed at the gas inlet by reducing the
flux and lowering the temperature. As the temperature rises the Si evaporation becomes
available for hydrocarbon consumption and nucleation near the substrate. The growth
temperature ranges from 1650 ◦C to 1850 ◦C with rates from 10 to 50 µm/hr and a
background doping concentration of 6 × 1013 cm-3 on Si-face 4H layers and 4 × 1014 cm-3
on C-face 4H layers [60].
2.3.4 Commercial Applicability
SiC has made limited headway in the commercial application market, mainly through the
production of LEDs. However, it has started to gain attention as a commercially viable
material for high-frequency, high-power transistors spurred by the interest and support
of the U.S. military in developing high-quality, large wafers.
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Cree is making high-frequency MESFET devices for use in cellular base stations.
Although the cost of producing these transistors is generally higher than pure Si devices
currently used in cellular networks, the advantages of using SiC MESFETs are expected
to outweigh the expense and capture an estimated $1 billion niche in the cellular base
station market [6].
Perhaps the most applicable market for SiC technology is in high-power electronics.
Beyond improving the efficiency of Si power devices, SiC power devices provide addi-
tional savings over Si due to the reduction in active cooling because of its high thermal
conductivity. It is estimated that SiC power devices could reach a market share of 10
billion dollars [6].
Chapter 3. Sputter Deposition of SiC Thin Films 20
Chapter 3
Sputter Deposition of SiC Thin Films
While the techniques mentioned in §2.3.3, especially CVD, have been the most popular
techniques for growing homoepitaxial and heteroepitaxial SiC films on SiC substrates
and Si substrates, respectively, there have been limited investigations into the sputter
deposition of epitaxially grown SiC [13, 61]. There are reasons for this discrepancy
in growth techniques used for epitaxial films, which are not necessarily limited to
SiC growth. Chemical vapors created from gaseous sources or by evaporation offer a
correlation between deposition conditions and nucleation mechanics that, because its
growth is governed by thermodynamic principles, makes the analysis more amenable
to cause and effect relationships than seen in the process of sputtering. Chemical
methods also offer high deposition rates and are more suitable to current manufacturing
technology. Consequently, studies of epitaxial films by sputtering have been motivated by
strictly scientific purposes or special film compositions not accessible via more common
techniques [62].
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3.1 Motivation
SiC has many electrical properties that make it a very promising material to advance
electronic devices beyond the current limitations affecting silicon devices. Although there
are problems, including material costs and structural defects that must be resolved before
it becomes a viable alternative to silicon, it will always have a place in electronic devices,
whether it be alongside or in lieu of silicon. Many of these applicable areas have been
listed in §1.2.
Every deposition technique has its advantages and disadvantages. Sputtering is no
different, but, while one must acknowledge the downsides to this technique, it offers sev-
eral advantages when providing the motivation behind selecting a method for depositing
thin films of SiC in this study. The first, maybe mundane but no less important, has its
origins in good common sense: the UHV system and novel hollow cathode sputtering
torches used in previous scientific studies to successfully deposit hydrogenated films of
amorphous Si (a-Si:H) [63], amorphous Ge (a-Ge:H) [64], amorphous silicon/germanium
(a-SiGe:H) [65], and non-hydrogenated films of carbon imbued crystalline Ge (GeC) [66,
67] provide a quick transition to growing sputtered SiC films1. The second stems from its
ability to explore novel semiconductor applications by incorporating other elements into
the crystal structure that may be unlikely to occur or suppressed through chemical pro-
cesses. Like the GeC films, sputtering Ge atoms simultaneously with SiC could introduce
Ge into the lattice structure creating a heterojunction partner to SiC from which graded
bandgap transistors emerge. The third is that lower substrate temperatures for epitaxy are
expected because the highly energetic, sputtered particles use their kinetic energy to move
into favorable positions in the developing layer. Unlike chemical methods, sputtering also
does not typically induce side reactions with the substrate material permitting greater
1Detailed information on the system design and setup is presented in §3.3.
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flexibility in substrate choice [62].
3.2 Objectives
The ultimate goal for this scientific study is to obtain either homoepitaxial or heteroepi-
taxial single crystal thin films of SiC onto SiC or Si substrates. Using numerous analytical
techniques, crystal structure and film composition can be determined so that conclusions
can be made regarding film quality as it pertains to reaching the end goal. Although this
objective sums up very nicely in words, the problems associated with any epitaxial, single
crystal growth provide an endless supply of research material.
Nonetheless, if epitaxial, single crystal SiC growth can be obtained through such
means then two subtle, but very important, improvements can be made that would have
a significant impact on the electronics industry. The advent of single crystal SiC thin films
on Si would provide a way of lowering the cost of SiC devices and also provide a pathway
whereby synthesizing graphene by annealing SiC can be utilized [68] and processed
using much of the same technology that currently exists for Si. This idea will involve the
heteroepitaxial deposition of 3C-SiC on Si using the hollow cathode sputtering technique
described in §3.3.4 and §3.5.1. Although 3C-SiC contains excellent electrical properties
suitable for high-frequency power devices, this is not the reason this polytype is “chosen”
to grow on Si. In truth, because of the polytype dependence on temperature shown in
Figure 3.1 and the melting temperature of Si being 1414 ◦C, 3C-SiC is mandated as the
polytype that must grow on Si. Although 2H-SiC appears to be a candidate from Figure
3.1, 2H-SiC crystals typically form in needle-like “whiskers” and nucleate in a graphite
susceptor with a temperature gradient from 1200 ◦C to 1500 ◦C [69] making its formation
improbable as a thin film deposition on Si. For graphene synthesis it is important that
the (111) face of the 3C-SiC be parallel with the substrate surface since this is the only
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Figure 3.1: Relationship between polytype formation and temperature of occurrence [70].
low index plane capable of supporting the hexagonal structure of graphene.
The other technological improvement is through a graded band structure device
involving a SiC/SiC:Ge junction. Here α-SiC, specifically 4H-SiC, would likely be the
thin film polytype of choice because of the absence of 3C-SiC bulk wafers and, more
importantly, the slightly superior electrical properties of 4H-SiC when looking to develop
a heterojunction device.
Not all these milestones will be reached within this study but they provide a glimpse
of what can be achieved through small victories along these lines.
3.3 Deposition System
The deposition system is composed of a main stainless steel chamber from which extend
various ports that allow several complementary pieces of equipment to be attached while
still maintaining UHV pressures. The vacuum chamber serves as a clean, reproducible
environment that is relatively free from ambient molecules (e.g. O2, H2O, and N2)
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that may react with sample surfaces to the detriment of quality film growth. A UHV
environment is capable of reducing the number of molecules that persist in a certain
volume from 2.5 × 1019 molecules/cm3 at atmospheric pressure (760 Torr) to 3 × 107
molecules/cm3 at 10-9 Torr [71]. This limits the number of impurities in the chamber
and decreases the number of particles in the path of the sputtered target atom so as to
increase the likelihood of it landing on the substrate.
The ports create pathways to evacuate the chamber, actively introduce components
into or manipulate settings inside the chamber, and passively monitor the chamber
environment. The following provides a comprehensive list of the components connected
to the main chamber and their function.
3.3.1 Vacuum Pumps
A noble diode, or differential diode, ion pump is positioned below the main chamber
(see Figure 3.2) and keeps the system under UHV while the system is idle. It is separated
from the main chamber by a gate valve that can be closed while flowing gas during
deposition. The ion pump ionizes gases in the chamber by creating a large electric field
between the anode assembly and cathode plate, seen in Figure 3.3b. An applied magnetic
field created by permanent magnets surrounding each element (dark triangular prisms
of Figure 3.3a) causes the free electrons to circle inside the cells of the anode assembly
increasing its collision rate and the number of atoms ionized. The positively charged atom
accelerates towards the cathode plate and, because of the tremendous velocity, embeds
itself in the plate causing a decrease in gas pressure. The two cathode plates comprising
each element were originally both made of titanium due to its excellent capture and hold
ability. However, when pumping noble gases, specifically argon, the operation becomes
unstable due to the accelerated argon atoms ejecting previously adsorbed atoms in the






















Figure 3.2: Schematic layout of sputtering system used to deposit SiC thin films with a
hollow cathode target as seen from above.
(a) (b)
Figure 3.3: (a) Perkin-Elmer/Ultek differential diode ion pump composed of eight ion pump
elements capable of reaching a combined pumping speed of 150 L/s and (b) a single ion pump
element.
cathode. This particle reemission was reduced by replacing one titanium cathode with a
tantalum cathode that increases the number of elastic collisions of the noble gas atoms at
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the cathode because of tantalum’s greater mass. Surprisingly, it was determined that a
more stable pumping action occurs when the gas ions bounce back as energetic neutrals
and implant into the anode or the walls, where they are permanently trapped by the
continuously sputtered titanium [72]. The eight single elements are then combined into a
full ion pump, shown in Figure 3.3a, that is capable of reaching a combined pumping
speed of 150 L/s and an ultimate pressure in the low 10-10 Torr range.
The ion pump also contains a separate titanium sublimator equipped with four
titanium filaments. The titanium sublimes from the surface of the filaments by passing
50–55 A of current through a single filament typically for 2 minutes. The abundance
of titanium atoms causes a quick increase in pressure followed by a steady decrease in
pressure due to the free titanium atoms chemically reacting with the gas. This traps the
gas making it easier to pump and ultimately lowers the base pressure below that which
was obtained before using the sublimator.
A turbomolecular (turbo) pump has a fast pumping speed making it ideal for use
during deposition to maintain pressure and remove excess gas from the chamber during
deposition. The chamber features an Alcatel (now Adixen) ATP 900 HPC turbo pump,
seen in Figure 3.4a, capable of reaching pumping speeds of 785 L/s but limited in
achievable ultimate pressure (approximately 3.75 × 10-8 Torr) when compared to that
of the ion pump. HPC stands for high pressure corrosive and indicates an ability to
pump corrosive gases amid high-pressure, high-throughput conditions. The dynamic
seal of Figure 3.4b protects the bearings from any corrosive gas being evacuated during
operation. It has rotor blades that rotate up to 27,000 revolutions per minute creating a
low-pressure gradient by which particles are pumped out of the chamber. A dry, rotary
vane pump keeps the backing pressure of the turbo pump low so that the turbo pump
can maintain its high pumping speeds. As implied by Figure 3.5, these two pumps used
in succession bring the system to high vacuum from atmosphere before abdicating UHV
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(a) (b)
Figure 3.4: (a) Turbomolecular pump showing rotor blades, exhaust and coolant input/output
lines and (b) cross section detailing the components involved in maintaining the balance and
stability required for high-pressure, high-throughput pumping.
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Figure 3.5: Vacuum pumps and their achievable vacuum pressures.
responsibilities to the ion pump. A smaller turbo/rotary vane pumping system can also
be found attached to the load lock extension providing similar evacuation services to it.
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3.3.2 Load Lock
The load lock contains the magnetic introductory arm by which samples are transported
into and out of the main chamber. It is isolated from the main chamber by a gate valve
and acts as a buffer environment between the UHV environment and ambient air. It is
heated to temperatures above 100 ◦C after every sample is inserted to outgas absorbed
water and other contaminants before exposure to the main chamber. A turbo/rotary vane
pumping combination is used to evacuate the load lock to pressures of 10-8 Torr. A leak
valve and fast-entry door is also attached to assist in pressurizing the load lock and to
enable quick sample removal.
3.3.3 Rotating Substrate Holder
The sample transfer occurs between the magnetic introductory arm and rotating substrate
holder. The holder, which can be seen in Figure 3.6, is a commercially available UHV
Design Epicentre 100 with a pyrolytic graphite coated graphite (PgG) heater capable
of reaching temperatures near 1600 ◦C. The holder provides the dock upon which the
sample holder is positioned for containment inside the main chamber. The sample holder
is capable of extending and retracting longitudinally so that distances between sputtering
targets and substrate can range between 48 mm and 113 mm2. As its name implies, it is
capable of rotating the sample during deposition to ensure homogeneous film growth.
However, due to structural design and system compatibility, the dock was modified to
better suit the current setup. This modification, designed and created by Robert Rhynalds
of the University of Nebraska-Lincoln Physics Instrument Shop, can be seen in Figure 3.7
along with the sample carrier and complementary sample holder. As shown in Figure
2Although the stage has 75 mm of longitudinal play, as indicated in Figure 3.6, when retracted fully the
locking mechanism prevents any rotation. Consequently, any deposition occurring between 113 mm and
123 mm must forgo sample rotation.
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Figure 3.6: Cross-sectional drawing of the rotating substrate holder.
3.7b, slots on the side of the sample holder allow three equally spaced pins (not shown)
clamped in the grooves of the dock to be inserted and rotated clockwise to secure the
holder. The dock, sample holder, and mask are pure molybdenum so as to withstand the
intense heat during deposition. The tray and spacer are semiconductor grade graphite,
which is also capable of withstanding the heat, but also isolates the substrate from any
molybdenum parts, which tend to form molybdenum silicides with silicon substrates
at elevated temperatures. After experimental tests indicated that the sample holder
eventually loosens itself when continuously rotated clockwise and tightens itself when
rotated counterclockwise, all depositions were made under the latter condition.
3.3.4 Hollow Cathode Sputtering Guns
The chamber is capable of connecting five sputtering guns, although, in practice, four
were the most attached at any given time. As seen in Figure 3.8, they house an 8 mm
diameter cylindrical target material with a hollow 3 mm inner diameter in a copper











Figure 3.7: Sample holder and dock in an (a) assembled view and (b) exploded view. The
clamp, sample holder, and dock are pure molybdenum. Three thin titanium rods (not pictured)
are clamped into the three equally spaced grooves in the dock which slide into the slits of the
sample holder. The substrate is held, and subsequently isolated from the molybdenum, by the
spacer and tray insert, both of which are semiconductor grade graphite. The magnetic arm tip
is stainless steel.
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(a) (b) (c) (d)
Figure 3.8: Rendered 3D sputtering torch drawing azimuthally rotated (a) 0◦, (b) 90◦, (c)
180◦, and (d) 270◦.
cooling block. Copper feedthroughs circulate water through the cooling block while an
alumina rod connected to a stainless steel feedthrough sends the sputtering gas (typically
argon) through the hollow target into the chamber. Of the four target materials, two
were SiC, one was Ge, and one was C. Not pictured is the SiC disc3 placed on the top
of the cooling block and the aluminum silicate (Al2O3 – 3 SiO2) shell that surrounds the
whole body to prevent contamination from sputtering copper. These can be seen in the
cross-sectional schematic of Figure 3.9.
The glow discharge is driven by a high voltage DC power supply sent through a
pulsing unit. An inline resistor is used to stabilize the plasma by stabilizing the load
impedance. The RF power supply is limited to 5 W and is only used to initiate the plasma
and sustain it during the “off” time of the pulse. An RF blocking network composed of
an inductor and capacitor isolate the signal from the DC supply while imposing little
modification to the DC path. The inductor has a value of 3.6 µH creating a reactance
of XL = ωL ≈ 307Ω for the 13.56 MHz RF supply. The inductor is important because
3A quartz disc is used in lieu of the SiC disc on the torches containing a Ge or C nozzle.
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Figure 3.9: Torch schematic cross section with DC and RF power supplies to drive the glow
discharge. The RF power and pulser only apply to the SiC targets; the Ge and C targets only
use a DC power supply.
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it provides an impedance to the RF signal so that power reaches the cathode instead of
shorting directly to ground through the capacitor. The 620 nF capacitor, which has a
reactance of |XC| =
∣∣∣∣− 1ωC
∣∣∣∣ ≈ 19 mΩ at 13.56 MHz, protects the DC supply from the
stray RF signal by creating what is essentially a short to ground at that frequency.
Argon, hydrogen, and propane gas flow through individualized lines leading to
selected sputtering torches. Figure 3.2 shows how the gas is routed and regulated by
several mass flow controllers. As the sputtering gas, argon flows through all torches.
Hydrogen is used strictly during heated in situ H2 etching of the substrate and flows
through the side SiC torch. Propane is used strictly during carbonized buffer layer
experiments and flows through the center SiC torch.
3.3.5 Residual Gas Analyzer
The residual gas analyzer (RGA) is capable of determining individual molecular pressures
by atomic mass. It has a range of 2 to 100 atomic mass units (amu), making it ideal for
monitoring H2 (2 amu), He (4 amu), H2O (18 amu), N2 (28 amu), O2 (32 amu), and Ar (40
amu) base pressures.
3.3.6 Electromagnets
The electromagnets, shown in green in Figure 3.2, are driven by a 1 A current generating a
magnetic field of approximately 7 mT inside the main chamber to help confine the plasma.
The magnetic field has shown to increase the quality of the deposited film, specifically
the surface smoothness, by directing the charged particles and the violent collisions that
occur inside the plasma away from the substrate surroundings. Figure 3.10 shows how
the plasma dynamics become altered by applying a magnetic field. The Lorentz force,
F = q(E+ v× B), now contains a magnetic term that diverts the charged electrons and
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(a) (b)
Figure 3.10: Plasma images illustrating the glow discharge dynamics when (a) no magnetic
field is applied and (b) when a magnetic field of approximately 7 mT is applied. The magnetic
field diverts the negatively charged electrons and positively charged ions away from the
substrate so that most of the ionizing collisions occur in the brighter streaks off to the sides.
ions away from the substrate inducing the majority of the collisions to occur in the bright
streaks of Figure 3.10b. Since the electron velocity due to E is directed along a path from
target (cathode) to substrate (anode) and B exits the north pole on the left and enters
the south pole on the right, the right hand rules indicates that the negatively charged
electrons will be deflected towards the bottom right corner of the image where the plasma
is most intense.
3.3.7 Pressure Gauges
Two ion gauges are used to monitor the pressure of the system at two locations. They
are limited to reading pressures below 1 mTorr. A Baratron gauge monitors the pressure
when it is above 1 mTorr, i.e. when the system is initially being pumped down to vacuum
levels from atmosphere or during deposition when the gas flow creates mTorr pressures.
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3.3.8 Heating Bulbs
Three heating bulbs are attached to the main chamber and used exclusively during
bakeout after the system has been exposed to ambient air. They increase the internal
temperature of the system above 100 ◦C releasing water vapor, organic byproducts, and
inorganic contaminants from the chamber walls allowing them to be pumped more easily.
3.4 Sample Preparation
The thin films of SiC require a substrate material which the growing layer can use as a
foundation to initiate its own crystalline structure. This interface should be smooth, clean,
and closely lattice matched to the growth material to provide optimal growth conditions.
4H-SiC substrates were used for attempting homoepitaxial growth of 4H-SiC. These
substrates were procured from both Cree and SiCrystal AG. The substrates from Cree
were doped n-type using nitrogen and polished on both the Si face4 and C face5 with the
surface orientation cut 4◦ off-axis toward the 〈1120〉 direction. The wafer diameter and
thickness were 76.2 mm (3”) and 350 µm, respectively, with a resistivity of 0.014 Ω-cm
and micropipe density ≤ 1 micropipe/cm2. Two substrates from SiCrystal were used: one
with a 4◦ off-axis cut and one with a 0◦ off-axis cut. Both were 76.2 mm (3”) in diameter
and 368 µm in thickness with a resistivity between 0.012–0.025 Ω-cm and micropipe
density ≤ 30 micropipes/cm2. Both wafers were doped n-type using nitrogen and only
polished on the Si face. Wafers were cleaved into approximately 1 cm × 2 cm pieces using
a laser.
The SiC substrate surfaces were cleaned ex situ prior to insertion into the load lock
using a cleaning procedure based on the standard Radio Corporation of America (RCA)
4The Si face is also denoted in crystallographic plane notation as SiC(0001).
5The C face is also denoted in crystallographic plane notation as SiC(0001).
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clean [73]:
1. The substrates are rinsed in trichloroethylene, acetone, methanol, and deionized
water to remove organic impurities that have settled on the surface.
2. The RCA clean:
a) A more rigorous organic cleaning is performed in a 1:1:5 solution of
NH4OH:H2O2:H2O at 80 ◦C for 10 minutes. In the process of removing organic
contaminants, this treatment forms a thin silicon dioxide layer.
b) The oxide is stripped in a 1:10 solution of HF:H2O at room temperature for 30
seconds.
c) Any remaining ionic contaminants are removed in a 1:1:6 solution of
HCl:H2O2:H2O at 80 ◦C for 10 minutes.
3. The final step submerges the sample in deionized water whereby a two minute
ultrasonic clean is used to mechanically remove stray particulates.
Figure 3.11 shows atomic force microscope (AFM) images of a sample taken at several
steps along the cleaning process. Although the substrate is relatively clean of particulates
without any preparation, as seen in Figure 3.11a, it contains organic contaminants that
may not be observable under the AFM. Figures 3.11b and 3.11c show the surface after
steps 1 and 2, respectively. The significance of the last step can be seen quite clearly
when looking at Figure 3.11d. The lightly colored dots visible in Figure 3.11c have been
completely removed after the ultrasonic clean.
Si substrates were used for attempting heteroepitaxial growth of 3C-SiC. The wafers
used were 50.8 mm (2”) in diameter and had three surface plane orientations: (100) Si,
(111) Si, and (110) Si. The (100) Si wafers were 356 µm thick and doped p-type using
boron begetting a resistivity of 7–16 Ω-cm. The (111) Si wafers were 356 µm thick and
Chapter 3. Sputter Deposition of SiC Thin Films 37
(a) (b)
(c) (d)
Figure 3.11: AFM images showing the surface condition (a) before any cleaning steps, (b)
after the solvent rinse of step 1, (c) after the RCA clean of step 2, and (d) after the complete
cleaning procedure.
doped n-type using phosphorus begetting a resistivity of 0.8–1.6 Ω-cm. The (110) Si
wafers were 475 µm thick and intentionally undoped begetting a resistivity greater than
500 Ω-cm. Wafers were cleaved into smaller pieces (typically 1 cm × 2 cm) by a diamond
scribe.
The Si substrates surfaces were cleaned ex situ prior to insertion into the load lock using
a solvent rinse of trichloroethylene, acetone, methanol, and deionized water. The oxide
layer was etched away using a buffered HF solution from Transcene composed of fluoride
(F), bifluoride (HF2), and hydrofluoric acid (HF) molecules designed to reproducibly
etch SiO2 and avoid surface stains from nitrate ion impurities. The etch rate at room
temperature is approximately 800 A˚/min.
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Whereas homoepitaxial growth suffers no problems due to lattice mismatch, the lattice
mismatch between 3C-SiC and Si is substantial at approximately 20% (aSiC = 0.436 nm,
aSi = 0.543 nm). This strain is a serious cause of stacking faults and other defects. Active
techniques to reduce the lattice mismatch problem have been fruitful by growing a
carbonized conversion/buffer layer [14, 15, 74–79] or using less common (110) Si wafers
[68, 80]. It turns out that (111) 3C-SiC oriented films naturally grow on (110) Si wafers
[80], which also provide a better lattice match than (111) Si wafers. Figure 3.12 shows
the silicon atom locations as they would be seen by slicing the sample along the labeled
plane. Calculations are carried out below the diagrams corresponding to the area spanned
by four lattice points of (111) 3C-SiC as it matches four lattice points of the oriented Si
wafer under investigation. This area is minimized—increasing the number of total lattice
point matches given the same interface area—using (110) Si wafers. Theoretically, one
would expect these substrates to provide a better foundation for graphene compatible6
(111) 3C-SiC crystalline thin film growth by limiting stress effects. Nevertheless, high-
quality 3C-SiC films have been deposited on clean, oxide-free silicon substrates without
intentional surface or substrate modifications [13, 55, 61]. All these sample preparation
techniques were studied in order to obtain the highest quality 3C-SiC films using the
hollow cathode sputtering method.
3.5 Sputtering
Cathodic sputtering is a process by which the surface of a negatively biased target
material disintegrates under the bombarding action of positive ions created from inert gas.
Typically, two to eight atoms are sputtered away from the target for every bombarding
Ar+ ion when accelerated by a 10 kV potential [62]. Sputtering yields are dependent on
6The increased suitability of (111) 3C-SiC to graphene synthesis over other orientations is explained
with greater detail in §3.2 due to the stacking sequence direction addressed in §2.1.
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Figure 3.12: Lattice interface plane diagrams and calculations indicating (in red) the
number of common lattice points per area between (111) 3C-SiC and (111), (110), and
(100) Si substrates. The lattice constants used for 3C-SiC and Si in the calculations were
aSiC = 0.436 nm and aSi = 0.543 nm, respectively.
the mass of the bombarding ion and can be increased by using heavier inert gas ions
like Kr+ and Xe+. The sputtering rate is also impacted by the angle of incidence of
the arriving ions with respect to the target surface and by the exposed crystallographic
orientation of the target. By altering the angle of the arriving ion from 90◦ (normal
incidence) to 30◦ an increase of up to 10 extra atoms can be dislodged from the target
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[62].
The physics of sputtering is theorized as a momentum transfer process whereby
the arriving positive ion produces a primary knock-on atom at the target surface. This
primary knock-on atom, identified as the seventh atom in the first row of Figure 3.13,
moves deeper into the target while losing energy at each collision until it is brought to
rest. In the process a target atom may be ejected from the surface effectively outlining the
Figure 3.13: Schematic layout of the sputtering kinetics involved near the target surface.
sputtering technique. Occasionally an ion may penetrate the target surface and dislodge
atoms from the bulk while embedding itself. These collisions can also emit secondary
electrons from target atoms which further ionize the working gas and perpetuate the
plasma.
Depending on the growth environment, the surface of the substrate and developing
film will be subjected to bombardment from electrons, neutral target atoms, and charged
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gas atoms to a varying degree. Under high-pressure conditions, the ejected target atoms
undergo many collisions on their way to the substrate surface. Consequently, the atoms
arrive at the surface under a wide variety of energies and incidence angles. Under
low-pressure conditions, the sputtered atoms undergo relatively few collisions on their
way to the substrate and thus arrive at close to normal incidence with high energies. This
high arrival energy enables atoms to penetrate deeper into the substrate/film lattice and
possibly induce surface damage [81]. However, it can also provide the incident atoms
with more energy than typically available in thermodynamic reactions such that alloying
or chemical reactions with the substrate/film surface become possible [66, 67, 82]. The
substrate generally heats up as well because of the high-energy flux of particles. This
combined with a dedicated substrate heater creates an annealing effect that can minimize
the surface damage that may have occurred.
3.5.1 Hollow Cathode Sputtering
Sputtering is often criticized for achieving deposition rates that are too low to be com-
petitive with faster techniques like CVD when growing thick coatings. Although this
research only requires films hundreds of nanometers thick for which high rates are not
necessarily required, the hollow cathode plasma jet deposition technique has been shown
to be a high rate sputtering technique for certain materials [83–85].
A schematic diagram featuring the hollow cathode nozzle and its accompanying
copper torch housing are seen in Figure 3.9. Since the cylindrical nozzles have an 8 mm
outer diameter, 3 mm inner diameter, and 30 mm length, a high-density glow discharge
breakdown occurs in the hollow center of the target. The sputtered target atoms become
dislodged from the exposed surface area of the face, which contributes
4pi(r2OD − r2ID) = 55pi ≈ 173 mm2,
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and interior walls, which contribute
pidl = 240pi ≈ 754 mm2,
for a total of 927 mm2. Once dislodged, the atoms are transported out of the nozzle
interior by the flowing plasma jet at a high speed. The erosion trace observed at the
outlet of the SiC nozzles indicate that the sputtering is most intense at the junction of
the interior wall and exposed face. This implies and has also been confirmed [86] that
the current density distribution and plasma density are maximum at the cathode outlet
in the case of DC hollow cathode discharge. The intense power concentrated in a small
area require a cooling mechanism capable of dissipating the intense heat generated by
the atomic collisions. A water-cooled copper block provides this function by intimately
contacting the nozzle exterior wall as shown in Figure 3.9.
3.6 Deposition Control Parameters
Before discussing the results of the hollow cathode sputtering experiments, it is important
to identify what parameters can be varied, over what range they can be varied, and why
one would want to vary them when depositing the SiC thin films. Each one uniquely
affects the growth and final properties of the film with different efficaciousness. What
follows is a brief discussion on these parameters.
3.6.1 Target Material
The sputtering chamber houses four nozzles: two SiC, one Ge, and one C. They are
mounted horizontally along the side wall of the chamber in an inverted triangular pattern
each directed towards a central location inside the chamber where the substrate is located
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during operation. From the viewpoint of the substrate, the nozzle locations are (see
Figure 3.14): Ge at the upper-left vertex, C at the bottom vertex, and the two SiC nozzles
at the upper-right vertex and midpoint of the base line.
Figure 3.14: Substrate view of the sputtering targets. From left to right: Ge, SiC, and SiC.
The C target is absent in this picture but is housed in the port seen at the bottom. All targets
are angled directly towards the substrate. The red (left), black (center), and grey (right)
disks that surround the nozzle and protect the copper block from exposure to the plasma are
actually created from quartz, SiC, and SiC, respectively. The strange colors are a result of the
quartz transparency and shadowing effects of the lighting.
SiC targets were acquired from Poco Graphite and Morgan Technical Ceramics with
almost all of the experiments employing the target from Morgan Technical Ceramics7.
Carbon targets in the form of graphite were procured from Poco Graphite as well. The
Ge targets were acquired from EaglePicher. Most thin film depositions of SiC used the
7Any divergence from this case will be duly noted. The targets from Morgan Technical Ceramics were
denser and exhibited the insulating nature of SiC. The targets from Poco Graphite were more porous and
exhibited a finite resistivity of approximately 15 Ω from outer to inner surfaces.
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central SiC target. Occasionally, the secondary SiC target was co-sputtered to increase
the growth rate. The Ge target was also periodically co-sputtered with SiC to deposit
Si1-xGexC. The C target was sputtered rarely and used explicitly for the formation of
a carbonized buffer layer that can mediate some of the problems associated with the
3C-SiC/Si lattice mismatch [14, 15, 74, 77, 78]. Most SiC thin films deposited in this study
contained no buffer layer; any deviation from this is noted.
3.6.2 Applied Sputtering Power
Each nozzle was powered by a separate DC power supply operated in constant current
mode which worked best to stabilize the plasma. The DC signal was routed through
a pulser and superimposed upon a 5 W RF signal for both SiC nozzles for reasons
described in §3.3.4. The SiC nozzles were typically pulsed at 5 kHz for 50 µs with the
DC source supplying 500 mA of current and voltages around -500 V. The RF/DC pulse
superposition was believed to alleviate some of the charge buildup that befalls insulating
targets and increase the growth rate over a constant DC sputtered target. The Ge nozzle
was operated at 50 mA and voltages near -300 V. The C was operated at 250 mA and
voltages near -500 V. Generally speaking, increasing the applied current increases the
applied voltage and energy of the bombarding inert ions. Consequently, if the applied
current was increased, more target atoms were dislodged from the target, because of the
increased kinetic energy of the ions, and the growth rate increased.
3.6.3 Substrate Temperature
The substrate temperature was varied from 700 ◦C to 1300 ◦C with 4H-SiC substrates
and ambient to 1300 ◦C with Si substrates. The aforementioned temperatures correspond
to substrate surface temperatures. The back side, which was in full contact with the
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holder, was typically 100 ◦C hotter while the heater itself was between 200 ◦C and 300 ◦C
hotter at the highest temperatures. Consequently any surface temperature above 1300 ◦C
caused the back side of the Si substrates to soften and form molybdenum silicides with
the holder or simply sublime. Temperature played a significant role in projecting the
surface roughness and crystal periodicity. At ambient growth temperatures the films were
completely amorphous but exhibited a surface profile mimicking the polished substrate
surface. At higher temperatures, the thermal energy of the crystal was transferred to the
arriving atoms garnering sufficient energy to laterally diffuse across the surface and seek
out preferred bonds. The result was improved crystal periodicity but also an increase in
surface roughness.
3.6.4 Target-Substrate Distance
The distance between the substrate and targets greatly affected the growth rate. The
further the distance the slower the rate and vice-versa. The surface profile also saw minor
differences as the distance was altered. The implication is that the closer the substrate
comes to the targets, the closer the substrate comes to the intense area of the plasma. The
bombardment from energetic electrons and ions in the plasma roughens the surface. This
effect was essentially eliminated by confining the plasma away from the substrate with a
magnetic field.
3.6.5 Substrate Rotation
Rotation was expected to give deposited films radial uniformity. Although there were
indications of this behavior, since the deposited area was only approximately 1 cm2
and the targets unintentionally aimed slightly off-center, the final film actually exhibited
widespread uniformity.
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3.6.6 Gas Flow Rates
Ultrapure gases flowed directly from the highly-compressed holding cylinder through
inline valves to the main chamber. Argon was used as the sole sputtering gas for both
SiC nozzles and C. A combination of Ar and Ne was occasionally used when sputtering
Ge. Because Ge was desired in small substitutional amounts for Si, the lighter mass of
Ne generated fewer sputtered Ge atoms. However, its lighter mass also ionized fewer
atoms and was unable to sustain a plasma without at least a 5 standard cubic centimeters
per minute (sccm) flow of Ar as well. Ne was employed as the sputtering gas during
two runs with a flow of 15 sccm in concert with Ar but was consequently abandoned in
favor of pure Ar because of instability issues combined with uncertainty about whether
measurable Ge concentrations were being incorporated into the film.
In general, the greater the flow of Ar the easier it was to maintain a continuous
plasma. The typical value for the C nozzle and SiC nozzles was 120 sccm. This, of course,
increased the deposition pressure and decreased the mean free path of the sputtered
atoms in their effort to reach the substrate.
3.6.7 Base and Deposition Pressure
Before film deposition, the system was continuously evacuated by the ion pump to
pressures in the low 10−9 Torr range. Obviously, a low base pressure is imperative to
high-quality film growth because without it films would be subjugated to unwanted
impurities in the system that degrade physical and electrical properties of the deposited
material. Baking the system at temperatures above 100 ◦C outgassed the chamber
walls and eliminated water vapor traces that lead to undesirable oxygen contamination.
Sublimating the titanium filaments also trapped unwanted impurities and lowered the
base pressure.
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When introducing the sputtering gas or gases to the main chamber, the ion pump had
to be isolated. It is not designed to quickly pump gases introduced at the rate needed to
supplement sputtering. The turbo pump was then assigned the duty of evacuating the
system leading up to and during sputter deposition. Chamber pressure and individual
gas species as measured by the RGA leading up to insertion of the sputtering gas are
shown in Figure 3.15. Although the initial outgassing of the filament spiked the pressure
Figure 3.15: Chamber pressure and impurity level partial pressures immediately preceding
film deposition. Impurity gases are denoted in amu such that the gases of interest are hydrogen
(2 amu), water vapor (18 amu), nitrogen (28 amu), oxygen (32 amu), and argon (40 amu).
Current to the filament commenced at 10:48 on the graph so the initial spike in pressure is
due to outgassing.
reading, within 7 minutes all measured impurity gas partial pressures dropped below
the 10-10 Torr level. The RGA filament can only operate at low pressures and had to
be stopped before introducing the gas. During deposition, the pressure ranged from
3–5 mTorr depending on the flow rate. It has been documented in other experiments
that increasing the deposition pressure by oversaturating the growth environment with
the source gas, for example C3H8, suppresses Si sublimation and leads to layer-by-layer,
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epitaxial film growth [78]. However, no significant difference in film construction was
identified here in the few investigations where the deposition pressure was artificially
raised by throttling the turbo pump gate valve.
3.6.8 Substrate Type
Homoepitaxial growth of 4H-SiC requires the use of 4H-SiC substrates. Oriented {0001}
4H-SiC Cree substrates purposely miscut along the 〈1120〉 direction aid arriving atoms in
finding the appropriate bonding location by exposing more surface area. The steps created
by the miscut reveal the substrate polytype and provide a continuous source of polytype
information in a method known as step-controlled epitaxy [87–89]. However, evidence that
homoepitaxial growth can also be accomplished on vicinal (0001) 6H-SiC with miscuts
less than 1◦ [90] inspired the utilization of oriented (0001) 4H-SiC SiCrystal substrates
without the miscut, which reduced the complexity in analyzing x-ray diffraction (XRD)
measurements.
Highly ordered growth of 3C-SiC occurred on Si substrates. The experiments varied
across (100), (111), and (110) oriented Si substrates in that chronological order. Early
experiments on (100) Si were based solely on the availability and abundance of these
wafers. As more information was obtained about the growth of 3C-SiC on (111) Si and
the better-suited lattice of (110) Si8, these orientations became the substrates of choice for
further experimentation. Eventually, films were simultaneously deposited on (111) and
(110) Si substrates.
8See Appendix A.
Chapter 3. Sputter Deposition of SiC Thin Films 49
3.6.9 Magnetic Field
As mentioned in §3.3.6 and §3.6.4, the magnetic field directed the intense area of the
plasma away from the substrate and subsequently decreased the number of violent
collisions surrounding the substrate. After this discovery, the magnetic field was used
for all depositions. A 7 mT field adequately confined the plasma such that any increase
produced little observable effect in altering the plasma.
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Chapter 4
Analysis of Hollow Cathode Sputter
Deposited SiC Thin Films
Over 100 films were deposited throughout the course of this study. Although high-
quality, highly ordered films were eventually grown, no perfect SiC films were deposited.
Consequently each subsequent film was deposited in an attempt to resolve problems
associated with the prior film or films. Numerous analytical techniques, from basic tools
(e.g surface profiles, film resistivity, and scanning electron microscope (SEM) images) to
more advanced, interpretive tools (e.g. ellipsometric modeling, reflection high energy
electron diffraction (RHEED), and XRD pole figures), were utilized to characterize the film
properties. These findings will be reported in this chapter according to their importance
in advancing the scientific analysis and discussion. Hopefully, this will provide the
reader with insight into the reasons behind the body of experiments applied to extract
information about the films. A short list provided below outlines the major experimental
attempts/investigations throughout the study:
• Optimizing growth rate of a single sputtered SiC target implementing constant DC
and RF power
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• Attempting heteroepitaxial growth of SiC on Si using RF sputtering of two SiC
targets
• Attempting homoepitaxial growth of 4H-SiC on commercially purchased vicinal
(0001) 4H-SiC substrates using RF sputtering of two SiC targets
• Improving growth rate by pulsing the DC signal
• Attempting homoepitaxial growth of 4H-SiC on commercially purchased vicinal
(0001) 4H-SiC substrates using pulsed DC sputtering of one SiC target
• Achieving highly ordered, highly textured growth of SiC on Si using both pulsed
DC sputtering and constant DC sputtering
– Using one target and two independently powered targets
– Using multiple Si substrate orientations
– Occasionally attempting to substitute Ge for Si in a Si1-xGexC film
• Achieving graphene synthesis on 4H-SiC substrates and attempting graphene
synthesis on SiC thin films on Si using a similar annealing process
4.1 Initial DC and RF Sputtered Films
Although high hopes were in store for many of the initial films, they served mostly as
experiments in maximizing the deposition growth rate. Many were grown under ambient
temperatures which offer no insight in the crystal structure achievable by the hollow
cathode system. Samples that were grown at elevated temperatures did not absorb much
of the generated thermal energy due to radiative loses so prevalent in the early system
design. As such it is important to note that the system reported in this section has
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since evolved into the final system design of §3.3, which was modified to alleviate these
problematic facets of the initial design. The differences, which involved changes to the
substrates, the SiC target location and distance, method of power delivery to the targets,
and even completely revamping the sample holder and docking mechanism, will be duly
noted when encountered. Because of these initial system limitations, the early films did
not meet expectations for high-quality SiC samples.
4.1.1 Growth Rate Optimization for DC and RF Power
SiC is an insulating material which can make it very difficult to sputter using DC power.
High growth rates are desired in large part to limit the processing time but also to limit
the ratio of Ge to SiC in a Si1-xGexC film. Only a small fraction of Ge (x < 0.1) is desired
for the substitution in order to keep the crystal relatively defect free and preserve the
lattice constant, which is important for creating nice heterojunction interfaces. Since Ge is
more conductive, it sputters more readily than SiC. Thus it is desirous to maximize the
SiC growth rate knowing, by experiment, that the Ge growth rate can only be reduced
to approximately 1.1 nm/min at an 80 mm target-substrate distance using minimum
applied current (50 mA) and sputtering gas flow rates (5 sccm Ar, 15 sccm Ne) necessary
to sustain a glow discharge.
Ten SiC samples were deposited prior to the arrival of the rotating substrate holder
described in §3.3.3. This substrate holder lacked the ability to rotate and its minimum
achievable target-substrate distance was 67.5 mm. All samples were deposited under
ambient temperature conditions using only one SiC target—that being the right target
position1 as seen in Figure 3.14. Table 4.1 lists the sputtering conditions and resulting
growth rates for these films and one additional film of pure C.
1At this point in time there was no central SiC target.
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Table 4.1: First ten SiC samples used to determine the achievable growth rate with DC and
RF power. One pure C deposition is also included.





SiC001 DC 200 -361 40 93 0
SiC002 DC 400 -440 20 67.5 0.38
SiC003 DC 400 -396 40 67.5 0.31
SiC004 DC 400 -398 40 67.5 0.33
SiC005 DC 500 -440 20 67.5 0.49
SiC006 DC 400 -505 10 67.5 0.47
SiC007 DC 400 -536 7 67.5 0.50
SiC008 RF ` 120 W a 30 67.5 0.95
SiC009 RF ` 120 W a 30 67.5 0.92
SiC010a RF ` 120 W a 30 67.5 0.39
SiC011b DC 400 -586 30 67.5 0.95
a Pure C deposition
b Using Poco Graphite target
Most of these depositions occurred over 30 minutes and created a very thin film.
The thickness was undetectable using a profilometer to measure the step height from
substrate to film. Therefore, the film thicknesses were obtained through ellipsometric
data by fitting a Cauchy oscillator to the transparent region of the experimental data.
The initial experiments quantifying the deposition rate of SiC suggest that major
changes were required. Even at 0.95 nm/min, the growth rate still lagged behind that of
Ge. This was also substantially lower than many CVD rates, which reported 40 nm/min
[75], 50 nm/min [76], 75 nm/min [91], 77 nm/min [15], and 100 nm/min [14]. However,
the results in Table 4.1 are comparable to other epitaxial deposition techniques that
achieved rates between 0.5 and 0.67 nm/min for MBE [55] and rates between 1.0 and 2.25
nm/min for low-pressure vertical CVD (LPCVD) [79].
Obviously, decreasing the target-substrate distance dramatically increased the growth
rate. The DC sputtered films also saw a general increase in growth rate by lowering
the Ar flow and increasing the supplied current. These two parameters are believed to
be an indirect cause, which directly affect the voltage the power supply must deliver
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in order to sustain the plasma. Increasing the current and decreasing the Ar flow rate
force the supply to increase the voltage causing the bombarding ions to gain more energy,
ultimately achieving a faster growth rate. The growth rate doubling for the Poco Graphite
target is attributed to its finite resistance (~15 Ω) compared to the immeasurably large
resistance exhibited by the Morgan Technical Ceramics target. As expected for such
insulating targets, the RF power produced the fastest growth rate. Using an RF signal of
120 W, the films exhibited a growth rate twice as fast as that for DC sputtered films.
While optimizing the growth rate using different sputtering techniques, the chemical
composition of the films was analyzed using Auger electron spectroscopy (AES). This can
verify the composition of the target and also provide information about how the target
atoms are sputtered. Given the different elemental sputtering rates of Si and C, the films
would expect to be slightly Si rich if single atoms were being sputtered from the target.
This preferential sputtering would occur until the target surface became slightly C rich to
equilibrate the sputtering rates. However, it is also possible that the sputtered atoms were
dislodged as Si-C pairs which would immediately yield films with the proper ratio of one
Si atom to one C atom. After the results shown in Figure 4.1, this seems to be the probable
case. These early films demonstrated a 1:1 SiC ratio as shown for SiC009 in Figure 4.1b.
A SiC substrate was used to calibrate the sensitivity factors of Si and C in a SiC bonding
arrangement. Its AES depth profile can be seen in Figure 4.1a. The sensitivity factors were
determined to be 0.28 for Si and 0.09 for C in order to achieve the correct Si:C ratio. These
factors can then be applied to the films to verify their compositional integrity. Although
oxygen is undesirable, the overall result was encouraging.
The following films in this study were deposited using the rotating substrate holder
of §3.3.3. It is capable of minimizing the target-substrate distance to 30 mm with the
central target and 80 mm for the other target locations. The following films listed in
Table 4.2 are the RF sputtered films deposited before the pulsing unit was developed
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(a) (b)
Figure 4.1: Auger analysis of (a) a SiC substrate and (b) SiC009 showing the chemical
composition. The substrate was used as a standard to calibrate sensitivity factors for Si (0.28)
and C (0.09) in a SiC bond.
for the DC supplies. It is no surprise that doubling the number of sputtering targets
during deposition doubles the growth rate. As with the DC case, lowering the Ar flow
rate forces an increase in the accelerating voltage of the target in order to sustain the
plasma. Subsequently, the bombarding ions gain kinetic energy and dislodge greater
numbers of target material atoms. Starting with SiC029, one SiC target was positioned
in the center port which is capable of minimizing the target-substrate distance to 30
mm. This further facilitated the optimization of the growth rate by quadrupling it over a
similarly deposited film grown at a distance of 66 mm. Co-sputtering with another SiC
target in the left or right port offered only a slight increase in deposition rate because
the side targets had to be moved from a target-substrate distance of 66 mm to 85 mm
using a flange spacer. This was done in order to alleviate torch interference inside the
chamber after the center SiC torch was installed. Starting with SiC037, the center torch
was retracted by 18 mm using a flange spacer since it was blocking the line-of-sight path













































SiC014c 120 / 0 -121 120 66 0.86 51.4 Ambient 13 (100) Si
SiC015d
120 / 1 -122 120 66 1.68 100.8 Ambient 13 (100) Si120 / 9 -119 120
SiC016d
120 / 1 -118 60 66 1.84 110.6 Ambient 13 (100) Si120 / 8 -120 60
SiC017d
122 / 2 -120 30 66 2.31 138.7 Ambient 13 (100) Si128 / 8 -128 30
SiC018d
121 / 1 -119 60 66 1.73 103.7 1000 / 655 13 (100) Sie130 / 10 -121 60
SiC019d
122 / 2 -124 30 66 1.72 103.4 1000 / 660 13 (100) Sie129 / 9 -128 30
SiC020d
121 / 1 -121 120 66 1.84 110.4 1000 / 652 13 (100) Si130 / 10 -117 120
SiC021d
127 / 7 -138 15 66 2.11 126.6 1000 / 659 13 (100) Sie126 / 6 -143 15
SiC022d
127 / 7 -136 15 66 2.06 123.7 1000 / 652 13 (100) Sie125 / 5 -159 15
SiC023d
127 / 7 -135 15 66 2.08 125.0 1200 / 755 13 (100) Sie126 / 6 -176 15
SiC024d
127 / 7 -136 15 66 2.07 248.8 1000 / 648 13 (100) Sie124 / 4 -199 15
SiC025d
127 / 7 -135 15 66 2.15 515.9 1000 / 632 13 (100) Sie124 / 4 -159 15
SiC027f 127 / 7 -146 15 66 2.14 128.2 Ambient 0 (100) Si
SiC028f 126 / 6 -140 15 66 1.55 93.1 Ambient 13 (100) Si
SiC029g 126 / 6 -141 15 30 6.33 379.6 Ambient 13 (100) Si
SiC030h
125 / 5 -140 15 85 6.57 394.3 Ambient 13 (100) Si125 / 5 -155 15 30
SiC031h
127 / 7 -139 15 85 4.18 250.5 1000 / 696 13 4H-SiCi125 / 5 -157 15 30
SiC032h
127 / 7 -137 15 85 6.38 382.5 1200 / 784 13 4H-SiCi124 / 4 -156 15 30














































127 / 7 -135 15 85 6.53 391.6 1350 / 858 13 4H-SiCi125 / 5 -160 15 30
SiC034h
127 / 7 -141 15 85 6.52 391.3 1200 / 784 0 4H-SiCi124 / 4 -171 15 30
RF NRELh
127 / 7 -140 15 85 6.37 573.5 1200 / 734 13 (100) Sii124 / 4 -173 15 30
DC NRELc,j 229.2 -573 15 30 2.32 1115.1 1200 / 734 13 (100) Sii
SiC035h
129 / 9 -141 15 85 7.00 840.0 1000 / 696 13 4H-SiCi120 / 0 -211 15 30
SiC036h
129 / 9 -138 15 85 7.11 853.0 1150 / 763 13 4H-SiCi120 / 0 -214 15 30
SiC037h
127 / 7 -140 15 85 3.50 420.3 1350 / 858 13 4H-SiCi120 / 0 -218 15 48
SiC038h
127 / 7 -137 15 85 2.83 339.3 1412 / 988 13 4H-SiCi120 / 0 -210 15 48
SiC039h
127 / 7 -137 15 85 2.90 348.0 1418 / 1002 16 4H-SiCi120 / 0 -216 15 48
SiC040h
127 / 7 -138 15 85 3.28 196.7 1455 / 1080 16 4H-SiCi120 / 0 -211 15 48
SiC041h
130 / 10 -137 15 85 Melted Melted 1455 / 1080 16 4H-SiCi120 / 0 -204 15 48
aForward / Reflected
bHeater / Substrate surface
cRight target (as seen from the substrate vantage point)
dFilm deposited by simultaneously co-sputtering two SiC targets: top subrow corresponds to right target and bottom subrow corresponds
to left target (as seen from the substrate vantage point)
eEx situ HF etch
fLeft target (as seen from the substrate vantage point)
gCenter target
hFilm deposited by simultaneously co-sputtering two SiC targets: top subrow corresponds to right target and bottom subrow corresponds
to center target (as seen from the substrate vantage point)
iEx situ RCA clean (see §3.4)
jDC sputtered
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ability to deposit additional target atoms.
As mentioned previously, after the deposition of SiC028, one SiC target was moved to
the center port for the remainder of the depositions. This change was made to increase
the growth rate but also increase the film thickness uniformity. Figure 4.2 shows the
effects of sputtering from one of the side ports versus sputtering from the center port.
(a) (b)
(c) (d)
Figure 4.2: Thickness contour for (a) SiC027, (b) SiC028, (c) SiC029, and (d) SiC030 grown
on whole 2” wafers. Selected points were measured by using silver paint as a mask which
could then be removed to create a step height difference. SiC027 and SiC028 were grown
using only the SiC target from the left port. SiC029 used the center SiC target and SiC030
used both center and right SiC targets. All samples were rotated except SiC027. Port sides
are referenced from the vantage point of the substrate.
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Sputtering from either side port substantially reduces the film thickness and unevenly
distributes the thickness profile which is weighted, as expected, towards the side of
the source target. Figure 4.2b shows that rotating the substrate slightly improves the
uniformity but still exhibits a preferential side. Using the center target that minimizes the
target-substrate distance quintuples the film thickness and creates a radially symmetric
film thickness. Figure 4.2d shows the effect of co-sputtering a side target in addition
to the center target. The thickness slightly increases while concurrently reducing the
overall thickness deviation. Considering the cleaved substrates only expose a 1 cm2 area
for deposition, the remaining film samples were expected to maintain commensurate
uniformity over the entire area using the center SiC target.
4.1.2 Temperature Dilemma
The drastic difference between the heater temperature and substrate surface temperature
listed in Table 4.2 was partly due to the radiative loses associated with the space gap
between the heater and holder. However, much of the difference was attributed to
the sample holder. All of the films listed in Table 4.2 were not held by the modified
sample holder of Figure 3.7. This is significant because they were held by the stock
molybdenum holder that came with the commercial docking assembly. This holder is
shown in Figure 4.3. The large mass and smooth surface of the holder created a scenario
where a substantial amount of thermal radiation emanating from the heater failed to
be transferred to the substrate. The large difference in temperatures measured by the
thermocouple near the heater and the thermocouple on the sample holder and sample
substrate during calibration are shown in Figure 4.4. The sample carrier itself measured
150 ◦C lower at the low end and > 300 ◦C at higher temperatures. Because of the excellent
thermal conductivity of SiC, the SiC substrate surface maintained a temperature on par
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Figure 4.3: Stock molybdenum holder that came with the new rotating substrate holder
viewed from different angles. The holder weighs 54.4 g with a diameter of 44 mm and thickness
of 5.4 mm. The two molybdenum bands clamp the sample to the holder surface.
Si Substrate
y = 0.5782x+ 40.455
Sample Carrier
y = 0.687x+ 32.086
SiC Substrate
y = 0.4775x+ 213.5
Figure 4.4: Temperature calibration curves for a Si substrate surface, 4H-SiC substrate
surface, and sample carrier surface. Least-squares fit linear regression formulas for all curves
are listed on the right.
with the sample carrier surface. However, the Si substrate surface lost more heat at the
surface showing losses of nearly 200 ◦C at the lower end and 400 ◦C when the heater is
at 1000 ◦C. The substrate holder was reduced in mass by planing down the thickness.
A hole was also cut in the center to allow the substrate direct radiation from the heater.
Modifications to the molybdenum holder occurred so regularly that it created a situation
where a pyrometer became the best way to measure substrate surface temperature on
an accurate run-to-run basis. Consequently, some of the temperatures recorded in Table
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4.2 which were measured with a pyrometer may disagree slightly with the extrapolated
values in Figure 4.4.
Given the extreme temperature difference between the heater and substrate surface,
homoepitaxial growth of 4H-SiC became highly improbable. Generally speaking 3C-SiC
is known to be the preferential polytype of growing films at temperatures below 1500 ◦C
with the lowest allowable temperature range for α-SiC growth being between 1400 ◦C
and 1500 ◦C [89]. Consequently the XRD patterns taken using a θ/2θ locked couple scan
in Figure 4.5 show the surface planes of the 3C-SiC films grown on (100) Si (Figure 4.5a)
and vicinal (0001) 4H-SiC (Figure 4.5b) substrates. The lack of intensity exhibited by the
(a) (b)
Figure 4.5: XRD out-of-plane scans of (111) 3C-SiC oriented films grown on (a) (100) Si
and (b) vicinal (0001) 4H-SiC substrates.
films on Si are a consequence of a slight miscut of the Si substrate and low crystal quality
of the film, which is due to a combination of factors from bad lattice mismatching with
(100) Si to low deposition temperatures, even for 3C-SiC. The slight Si substrate miscut is
identified by the low, broadened intensity of the (400) Si substrate peaks. The intentional
8◦ miscut on the (0001) planes of these particular 4H-SiC substrates explains the absence
of the 4H-SiC surface oriented planes that would normally occur at 2θ = 35.67◦ for
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the (0004) planes and 2θ = 75.54◦ for the (0008) planes. Although peaks do occur at
2θ ≈ 35.4◦, they are due to the (111) planes of the 3C-SiC films that have numerous small
crystals with some of them oriented to satisfy the Bragg conditions on the vicinal 4H-SiC
substrates.
The estimated optical bandgap values also alluded to the 3C nature of the films.
Optical transmission and reflection data was used to calculate the absorption coefficient,









where T(λ) is the transmission of the film, R(λ) is the reflectance of the film, and t is the
thickness of the film. The bandgap is then extrapolated from the expression [93]
αhν = A(hν− Eg)n (4.2)
where h is Planck’s constant, ν is the photon frequency, A is a constant, Eg is the bandgap,
and n the exponent that characterizes the nature of the band transition. For an indirect
bandgap transition as in SiC, n = 2. The bandgap is then estimated by extrapolating
the plot of (αE)0.5 versus E to an intersection with the x-axis. Four films were analyzed
by this process and their results are displayed in Figure 4.6. The bandgap estimate for
the 4H-SiC substrate matches very closely to the expected value of 3.2 eV. The films
exhibit a bandgap energy transition somewhere between the expected value of 3C-SiC
(2.4 eV) and 4H-SiC. The results are not surprising considering the relatively low substrate
temperature during the growth of these films. These deposition conditions are prime for
stacking faults, and thus the films illustrate a large amount of polytype intermixing. The
broad peak around 2.7 eV is most likely an artifact of the dopant atoms present in the
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Figure 4.6: Estimated bandgaps of SiC031, SiC032, SiC033, SiC034, and a 4H-SiC substrate
using an extrapolation method. The films show a bandgap value between 3C-SiC and 4H-SiC
and thus symbolize polytype intermixing.
4H-SiC substrate.
4.1.3 Impurities
The nature of RF sputtering allows one to sputter any material which can be biased
with an RF signal. The fact that the aluminum silicate shell is highly insulating did not
prevent the RF signal from sputtering the parts of the shell that were in close contact with
the SiC target. The aluminum silicate shell was originally designed to span across the
entire copper cooling block and abut the target preventing any copper from sputtering.
This proximity to the target enabled some bombarding ions to sputter the aluminum
silicate shell surrounding the target. Not enough impurities were interposed into the
growing film to identify them with the sensitivity of the Auger system, but they were
easily identified by a secondary ion mass spectrometry (SIMS) system. The two films
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identified as NREL films in Table 4.2 were analyzed by the SIMS system available at the
National Renewable Energy Laboratory (NREL). These films were grown extremely thick
to facilitate a thorough analysis. A 4H-SiC substrate was sent along with the films to
provide a standard with which to compare the impurity levels of the films. These results
are shown in Figure 4.7. The detector could only analyze a maximum of four elements
and thus each film was analyzed twice. Figures 4.7a, 4.7c, and 4.7e show the measured
impurity levels of oxygen and copper while Figures 4.7b, 4.7d, and 4.7f show the measured
impurity levels of aluminum and sodium in the 4H-SiC substrate, RF sputtered film,
and DC sputtered film, respectively. Sensitivity factors were not calibrated for SiC so
atomic percentages could not be mapped throughout the depth profile. However, counts
across samples can be qualitatively compared. The sputtered samples exhibit a similar
intensity of Si and C confirming the existence of a 1:1 ratio of Si:C. Oxygen is present
in the sputtered samples but is certainly exaggerated by the fact that oxygen is present
in the system, which reoxidizes on the sputtered surface between cycles. Most of the
oxygen contained in the film was coming from the aluminum silicate shell that was being
partially sputtered because of its proximity to the SiC target. Further evidence of this is
seen by the presence of copper, aluminum, and sodium which are completely absent in
the 4H-SiC substrate. These impurities are also attributed to the aluminum silicate shell
that is evidently riddled with sodium impurities as well. As expected, the RF signal more
effectively sputters the insulating shell than the DC signal as exemplified by the higher
counts of oxygen, aluminum, copper, and sodium. The undulating counts of oxygen and
sodium seen in the DC NREL profiles are attributed to inconsistencies in the growth
process when the plasma extinguished, which was shortly thereafter reignited.
With this new information it became quite clear that good films of SiC were not going
to be grown under the current conditions. Modifications were made to the aluminum
silicate shell so that its final version appeared as in Figure 3.9. The shell was separated




Figure 4.7: SIMS depth profiles of a (a) and (b) 4H-SiC substrate, (c) and (d) RF sputtered
film, and (e) and (f) DC sputtered film probing for C (12 amu), O (16 amu), Si (28 amu),
and Cu (63 amu) in one run and Na (23 amu), Al (27 amu), and Si (28 amu) in another run.
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far from the target and replaced with a SiC disc2 that isolated the copper cooling block
from bombarding ions. The remaining films were also pulsed sputtered as described in
§3.3.4 which eliminated any high-power RF signal while providing a faster growth rate
than pure DC sputtering.
4.2 Pulse Sputtered Films
The pulsing unit was designed and fabricated by Dr. Zdeneˇk Hubicˇka, a colleague from
the Czech Republic. It was interposed between the DC power supply and cathode and
uses a high-power insulated gate bipolar transistor (IGBT) to switch the applied power
from the capacitor bank to the cathode at a user defined frequency. The capacitor bank
stores the energy supplied by the DC supply during the high voltage off time so that it
can release a large current pulse during the high voltage on time. The small 5 W RF signal
maintains the glow discharge and removes the buildup of positive charge on the cathode
during the off time so that the large negative voltage pulse can continue sputtering during
the on time (see §3.3.4 and Figure 3.9).
4.2.1 Growth Rate Optimization
As with the previous films a deposition rate must be calculated. Because of the ability to
manually define the switching frequency and high voltage on time of the current pulse,
these parameters were varied to determine the conditions for optimizing the growth rate.
Eleven films were created for this purpose and are listed in Table 4.3. The current pulse












































H1 756 -583 3 -480 2.5 100 120 2.4
H2 756 -745 5.6 -550 1.33 100 120 1.9
H3 760 -594 3 -500 5 50 120 3.2
H4 768 -603 3 -500 5 50 60 1.9
H5 780 -621 3 -512 10 25 120 2.9
H6 956 -646 4 -480 5 50 120 4.5
H7 760 -474 1.5 -416 5 100 120 2.8
H8 760 -895 7.6 -616 5 20 120 2.7
H9 958 -505 1.9 -424 5 100 120 4.2
H10 959 -994 9.6 -616 5 20 120 4.0
H11 961 -561 2.9 -472 5 70 120 3.7
All films deposited at a target-substrate distance of 48 mm
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where Ipulse is the current pulse, T is the pulse period, Ton is the high voltage on time,
and I¯ is the average current delivered by the power supply. This is a slight overestimate
because not all of the stored energy is drained from the capacitor every cycle and some of
the delivered current is dissipated as heat.
Unlike the DC and RF cases, a larger voltage does not directly lead to a faster growth
rate. This is because a larger voltage in pulsed DC sputtering is the effect of a lower duty
cycle, which means that even though more atoms are being dislodged from the target
during the on time, the actual sputtering time is decreasing per period. The opposite
effect is seen when the duty cycle is increased. Although the sputtering time increases,
the voltage is relatively low approaching the conditions of a constant DC signal. The
optimum conditions for increasing the growth rate were determined to be f = 5 kHz and
Ton
T = 25 % as indicated in Figure 4.8. Increasing the average delivered current from
760 mA to 956 mA also increased the growth rate from 3.2 nm/min to 4.5 nm/min for
the optimum frequency and duty cycle. The remainder of the pulsed DC sputtered films
mentioned in the following sections were all deposited using a frequency of 5 kHz and a
duty cycle of 25% (50 µs on time).
Compared to the RF films grown at a similar target-substrate distance, the pulsed DC
sputtering offers only a small advantage in increasing the growth rate. However, since it
is less inclined to sputter the aluminum silicate shell, it still offers a sizable advantage by
avoiding impurity contamination.
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(a) (b)
Figure 4.8: Pulsed DC growth rate optimization varying (a) frequency and (b) duty cycle.
The average supplied current was near 760 mA for all data in (a) and 960 mA for all data in
(b). Cathode voltage pulses corresponding to the deposition conditions are noted in red. Note
also that the duty cycle for the 1.33 kHz data point in (a) was actually 13.3% instead of 25%
as for the other three points.
4.3 Films on 4H-SiC Substrates
Following the development of pulsed DC sputtering functionality, homoepitaxial growth
of 4H-SiC was attempted again on 4◦ off-axis 4H-SiC substrates. During these depositions
the heater was often subjected to the maximum current and voltage the supply could
deliver. This was approximately 48 A and 20 V which created a heater temperature near
1600 ◦C. Although this temperature is suitable for step-controlled epitaxial growth of
4H-SiC films [89, 94], because of the thermal losses incurred between the heater and
substrate surface, only 1300 ◦C was reached at the substrate surface. Consequently, these
films exhibited a 3C-SiC preference. Their growth conditions are listed in Table 4.4. The
current pulse was calculated by measuring the voltage drop across a large wattage 39 Ω
resistor in series with the cathode. Roughness and thickness were determined by using a
profilometer to measure step heights and surface profiles, respectively, averaged together













































SiC042 960 -639 4.1 -480 3.1 188 1350 / 858 0 52
SiC043 953 -638 3.9 -488 3.4 206 1600 / 1200 0 4.1
SiC044 972 -640 3.9 -488 3.9 236 1670 / 1260 0 9.3
SiC045 960 -637 4.1 -488 2.9 174 1475 / 1130 0 53
SiC046 965 -635 4.1 -488 3.4 205 1600 / 1216 18 19
SiC047 480 -508 1.6 -312 1.4 82 1600 / 1200 0 5.8
SiC048b 960 -636 4.1 -488 0.37 22 1600 / 1280 0 3.2
SiC049b 960 -635 4.1 -488 0.38 23 1480 / 1200 0 47
SiC050b 960 -642 4.1 -488 0.38 23 1600 / 1270 0 7.3
SiC051b 960 -640 4.1 -488 0.57 34 1600 / 1275 0 3.1
SiC052b 960 -629 4.1 -488 0.49 59 1600 / 1300 0 7.5
SiC053b 960 -629 3.7 -488 0.36 43 1500 / 1220 0 6.4
SiC054b 960 -626 3.7 -488 2.21 265 1400 / 1150 0 43
SiC055c 960 -596 3.7 -464 1.50 90 1600 / 1200 0 5.6
All films deposited using a pulsing frequency of f = 5 kHz and a 25% duty cycle at a target-substrate distance of 48 mm with an Ar flow
rate of 120 sccm and a supplemental 5 W RF signal
a Heater / Substrate surface
b Deposited using the substrate holder of Figure 4.3 with a 1 cm2 hole cut in the center through the entire thickness
c Deposited on a 0◦ off-axis 4H-SiC substrate
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the substrate surface temperature was measured by a pyrometer.
In order to promote higher substrate surface temperatures a centrally located 1 cm2
hole was cut in the molybdenum holder of Figure 4.3. The hole extended through the
entire thickness so that the sample, which was placed directly over the hole, would be
exposed to the direct radiation of the heater. Although this did increase the surface
temperature, it also dramatically reduced the growth rate—so much so that the film
thicknesses became difficult to determine. The reason for this phenomenon was unknown
at the time but has since become clear.
All of the films deposited on substrates held by the substrate holder with the hole
exhibit the presence of graphitic carbon bonds in the Raman signature. Experimental
evidence suggests that graphitic bonds begin to occur during the SiC surface reconstruc-
tion somewhere between the 1200 ◦C and 1300 ◦C temperature range [95–97] making it
completely feasible that the surface of the substrate was reconstructing to form graphitic
carbon bonds while the silicon sublimed away. The growing film would then succumb to
the same situation where Si sublimes from the growing film as new layers begin to form.
As a consequence of the slow sputtering rate, many of the extremely thin films in Table
4.4 were likely caused by the sublimation of the majority of the sputtered Si material
as fast as it was being deposited, leaving behind only carbon atoms that formed a few
rudimentary graphene layers. When the temperature dropped for SiC054, the sputtering
growth rate was able to overcome this effect and generate a film with a typical thickness.
The sudden formation in graphitic carbon bonds after using the molybdenum holder
with a hole, while appearing to only slightly increase the substrate surface temperature
compared to that when using the molybdenum holder without a hole, suggests that
the pyrometer, which was aimed at an angle away from the direct line of sight through
substrate and hole to the heater, may have been underestimating the surface temperature
of samples SiC048–SiC054. One sample from the group grown on the completely solid
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molybdenum holder, SiC046, also showed signs of graphene. It was the only rotating
sample of the set suggesting that the rotation may have helped uniformly distribute
the heat better, leading to conditions that created just enough Si surface sublimation to
generate graphitic carbon bonding.
4.3.1 Raman Spectroscopy Analysis
The Raman signatures were performed using an excitation laser with a 514 nm wavelength.
The eight films exhibiting this graphene-like presence are shown in Figure 4.9. The
expected peak locations for the D band (1368 cm-1), G band (1597 cm-1 for single-
layer epitaxial graphene (EG) and 1580 cm-1 for single-layer micromechanically cleaved
graphene (MCG)), 2D band (2715 cm-1 for single-layer EG and 2673 cm-1 for single-layer
MCG), and SiC activity (1520 cm-1 and 1713 cm-1) [98] are marked with dotted lines. The
red dotted lines indicate the G and 2D bands of MCG while the black dotted lines are
indicative of the G and 2D bands of EG.
Given the prominence of the defect-induced D band, there is evidence that these
graphene layers exhibit stress and defects. As expected, most of peaks are shifted towards
the EG position except for SiC048, which favors the MCG position. The cause for this is
unknown but a redshifted position can imply fewer graphene layers [98]. Nonetheless, the
2D/G peak intensity ratios of the Raman peaks clearly indicate that more than a single
layer of graphene exists on all of these samples [99]. The existence of multiple layers
and their defective nature is not surprising considering these samples were originally
prepared for the purpose of homoepitaxial 4H-SiC growth. The 2D/G peak intensity
ratios of these samples are presented in Table 4.5 along with the approximate number of
graphene layers determined from the experiments of Das et al. [99]. Peaks were fitted with
mixed Gaussian/Lorentzian curves which provided the center position, width, height,
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Figure 4.9: Raman spectra of the multiple samples grown on 4H-SiC substrates exhibiting
graphitic carbon bonding. Substrate surface temperatures are displayed next to the corre-
sponding data. Expected G and 2D band locations for single-layer EG are shown in black while
the expected G and 2D band locations for single-layer MCG are shown in red.
and area. All the samples exhibit multiple layers which formed during the temperature
ramp and may have continued to form in some instances throughout the deposition
run. Since a single graphene layer is approximately 1 nm in height [17], the thicknesses
calculated in Table 4.4 cannot be completely attributed to the layers calculated in Table 4.5.
The difference is made up for by a thin SiC layer that accumulated during the deposition,
even though most of the sputtered Si material sublimed away.
As for the actual film itself, there are two likely polytype candidates: one being
3C-SiC and the other 4H-SiC. The active phonon modes of 3C-SiC are found at 796 cm-1
for the transverse optic (TO) mode and 972 cm-1 for the longitudinal optic (LO) mode
[100]. However, 4H-SiC is also known to have dominant active modes very close to these
positions at 797 cm-1 (TO) and 971 cm-1 (LO) [101], which occur perpendicular to the
optical axis, as well as another TOLO mode, because of its anisotropic nature, parallel
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Table 4.5: Raman 2D/G peak intensity ratios of SiC samples grown on 4H-SiC substrates
exhibiting the presence of graphitic C with the estimated number of graphene layers.
Sample Band Center (cm-1) Width (cm-1) Height Area Intensity ratio(2D/G) Layers
SiC046
D 1361.3 103.6 5641 784677
0.327 BulkaG 1606.4 68.0 4736 404699
2D 2717.3 209.9 1550 443765
SiC048
D 1348.5 56.5 15297 1325760
0.448 >23G 1586.6 30.4 32061 1454600
2D 2687.7 86.3 14367 1643460
SiC049
D 1355.5 50.2 10928 825488
1.20 ~6G 1585.6 40.4 23362 1412240
2D 2709.1 77.7 28019 2931700
SiC050
D 1355.6 52.9 6298 500476
0.771 ~23G 1586.0 32.6 23180 1130790
2D 2713.9 86.0 17881 1658900
SiC051
D 1355.8 50.7 9211 690035
1.20 ~6G 1586.2 38.4 22467 1291210
2D 2710.8 78.1 27046 2844400
SiC052
D 1355.0 50.2 14316 1054490
1.28 ~5–6G 1586.1 45.4 25907 1760010
2D 2707.0 76.5 33241 3428980
SiC053
D 1354.4 50.9 23424 1725080
1.19 ~6–7G 1586.4 48.7 35375 2575690
2D 2705.3 78.9 41998 4488360
SiC054
D 1351.6 60.7 40284 3566020
0.800 ~20–23G 1591.2 62.3 40685 3778970
2D 2705.3 90.6 32545 3970720
a The 2D/G intensity ratio is similar to bulk graphite but the absolute intensities are so small
that it cannot actually be considered bulk, just that its formation nonidealities make it appear
bulk-like
to the optical axis at 782 cm-1 (TO) and 965 cm-1 (LO). Besides these, there are many
other Raman active modes, most notably the TO mode at 776 cm-1 [100]. This overlapping
makes it nearly impossible to distinguish the two polytypes. Furthermore, because the
substrate signal completely overshadows any film signature, the film polytype remains
ambiguous if Raman scattering information is the only data available. Nonetheless, the
Raman spectra for some of the thicker films are displayed in Figure 4.10. The peaks
around 205 cm-1 and 610 cm-1 are acoustic modes [16] while the other peaks are the
aforementioned optic modes. Aside from SiC054, which is uniformly lower in intensity,
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Figure 4.10: Raman spectra of the multiple samples grown on 4H-SiC substrates in the range
of the active SiC phonon modes. Unlike the main figure, the figure insets are not stacked so
that the similarities become obvious.
they all appear very similar, offering little insight about the polytype configuration.
4.3.2 Resistivity
The resistivity of the n-type 4H-SiC substrates used for the depositions of Table 4.4 were
between 0.012 and 0.025 Ω-cm as measured by the supplier. Inline four-point probe
measurements were used to determine the resistivity of the films. This technique avoids
the problems associated with contact resistances by passing a current through the outer






where ρ is the resistivity, s is the probe spacing, F = F1F2F3 is a correction factor for sample
thickness (F1), sample width (F2), and probe proximity to the sample edge (F3), V is the
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measured voltage, and I is the measured current. For thin samples on non-conducting





The fact that the resistivity of the substrates was too high to be measured using this
technique and also that t  s = 0.796 mm allowed the usage of Equation 4.5. The film










) = 0.9762. (4.6)
As long as the probes are located at a distance > 3s from the edge of the sample then














The sheet resistance can also be calculated as Rsh =
ρ
t in ohms per square (Ω/). The
resistivity and sheet resistance of the films are provided in Table 4.6.
The resistivities and sheet resistances of these films are plotted versus temperature in
Figure 4.11. Except for one outlier all the films deposited on the sample holder with the
hole evince a lower resistivity than the films deposited on the sample holder without the
hole. The former are the same films that exhibit several-layer graphene (SLLG) or graphitic
carbon signatures. Although the mobility of the carriers is expected to be lower than that
observed for ideal single-layer graphene (SLG), because of the defective nature of the
layers and the vertical stacking, which eliminates the 2D electron gas effect, a noticeable
drop in resistivity is still observed compared to the other samples that are strictly SiC.
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Table 4.6: Resistivities and sheet resistances of the films grown on 4H-SiC substrates.
Sample ρ (×10-6 Ω-cm) Rsh (Ω/) Thickness (nm)
SiC042 9.22 0.49 188
SiC043 9.24 0.45 206
SiC044 12.04 0.51 236
SiC045 8.25 0.47 174
SiC046 9.55 0.47 205
SiC047 3.59 0.44 82
SiC048 1.02 0.46 22
SiC049 1.09 0.47 23
SiC050 1.05 0.46 23
SiC051 1.64 0.48 34
SiC052 2.98 0.51 59
SiC053 2.46 0.57 43
SiC054 13.14 0.50 265
SiC055 5.85 0.65 90
(a) (b)
Figure 4.11: (a) Resistivity and (b) sheet resistance versus temperature scatter plots for
SiC films grown on 4H-SiC substrates. Films which are believed to have fewer than 10 layers
of graphene are indicated with a cross and labeled several-layer graphene (SLLG). Linear
regression lines accounting for all data points are provided in black. Heater temperatures were
used in place of the pyrometer values for the samples held by the holder with a hole because
they are believed to be a better representation of the actual deposition temperatures due to
the anomalous growth behavior exhibited by these samples.
This behavioral difference is not revealed in the sheet resistance measurements. The likely
explanation is that the graphitic layers were growing on the 4H-SiC substrate during the
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ramp up to temperature, which became interposed between the substrate and extremely
thin deposited SiC layer. Since the sheet resistance is a measure of the surface resistance,
all samples demonstrate similar values because all samples have a top SiC layer. However,
the resistivity is significantly lower for the films in red because resistivity is determined
by the least resistive path through the film volume, which for the films in red happen to
be through graphitic carbon layers under an extremely thin layer of SiC.
4.3.3 Polytype Determination
In order to accurately determine the polytype of the film it is imperative that an analysis
technique be used that can distinguish between the many forms. Optical data can
provide information about the bandgap which, because the polytypes have different
bandgaps, provides indirect information about the polytype. Still, direct evidence through
crystallographic techniques is required to verify any supplemental data. A significant
challenge to contend with is that the vicinal 4H-SiC substrates are intentionally miscut to
help promote layered, epitaxial growth. This means that no crystal planes are oriented
parallel to the surface, and thus, no diffraction signature should appear in the basic out-of-
plane XRD data. To compound the issue, for any film grown on an on-axis substrate like
SiC055, surface planes are indistinguishable between the 3C and 4H stacking sequences
because the (111) 3C-SiC planes and (0004) 4H-SiC planes—including multiples of these
planes—diffract at the same 2θ position. Figure 4.12 shows the out-of-plane XRD signature
for SiC055 and alludes to the overshadowing of the substrate which makes it inaccessible
to attempts trying to decipher information about the film. The small peak around
2θ = 41.4◦ suggests that the 3C polytype does exist in this film in a unordered fashion,
but the main, and most informative, (111) 3C-SiC peak is completely concealed by the
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Figure 4.12: Out-of-plane XRD data for SiC055 showing the overlapping 2θ peak positions
of the 3C- and 4H-SiC planes. The inset shows a small indication of unordered 3C-SiC growth
near 2θ = 41.4◦. Even though the other peaks do not match any expected diffracting plane
positions for CuKα1 radiation, they are too narrow and intense to be from the film. They do
not satisfy the Bragg condition for the surface oriented substrate planes using CuKα1, CuKα2,
or CuKβ radiation, but given the quality of the crystal, even an obscure radiation wavelength
of limited intensity could create a signal with the intensity seen in the inset.
(0004) 4H-SiC peak3. More advanced XRD techniques are needed to index crystal planes
of the film not oriented along the surface. In this manner unique planes can be identified
that allude to certain polytypes. A goniometer represented by the sphere in Figure 4.13
has three axes of rotation and three translational axes. The six degrees of freedom enable
crystal positioning such that non-surface oriented planes, in particular, can meet the
Bragg condition for diffraction unlike in out-of-plane experiments. This becomes critically
important when trying to isolate SiC polytypes for there are differences in the in-plane
crystal geometry even though the out-of-plane diffraction patterns overlap (see Figure
3Hexagonal systems often have their planes and directions denoted by four indices instead of the three
indices used in cubic systems. However, the third index is related to the first two so that the two notations
are interchangeable. Thus the figures and text may switch between the two without further regard. More
information can be found in Appendix B.











Figure 4.13: Advanced XRD geometry setup to study surface oriented and non-surface
oriented diffracting planes. The particular setup used for the experiments in this study had a
stationary source located at ω = 0 such that θ = ω.
4.12).
The basic idea is to move ω, χ, φ, θ, and 2θ to values that permit diffraction from the
planes of interest. These values can be calculated a priori if the sample crystal geometry is
known. Out-of-plane diffraction used to identify surface orientation sets χ = 0, φ = 0,
and ω = θ to the position for Bragg diffraction,
nλ = 2d sin θ, (4.8)
where n is an integer, λ is the x-ray radiation wavelength (CuKα = 1.54056 A˚ for these
experiments), and d is the interplanar spacing. For cubic crystals d is defined by
d =
a√
h2 + k2 + l2
(4.9)
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where a and c are lattice constants and h, k, and l define the diffracting plane. Other
planes can be identified by calculating the angle between the plane of interest and the
surface oriented plane. This is χ and for cubic crystals can be calculated from the dot
product between the vectors normal to the planes,
v1 · v2 = |v1||v2| cosχ (4.11)
where v1 is a vector normal to the surface oriented plane and v2 is a vector normal to the
plane of interest. The interplanar angle equation for hexagonal unit cells is [103]
cosχ =



















where (h1k1l1) and (h2k2l2) are the Miller indices of the two planes. Single crystals must
also rotate φ so that the diffraction spots (points) that lie on the Debye ring eventually
pass through the arc surveyed by the stationary area detector. A 360◦ rotation in φ will
produce the n diffraction spots at the detector that occur on the Debye ring for an n-fold
symmetric oriented surface plane. Complicating this situation is the fact that the area
detector surveys a range of 2θ values and χ values so that multiple diffraction conditions
can be viewed from any setup position.
Table 4.7 shows the 3C and 4H crystal planes with their calculated 2θ diffracting
conditions, when λ = 1.54056 A˚, using Equation 4.8 and calculated interplanar angles
from the surface oriented plane using Equations 4.11 and 4.12. Since all but one 3C-
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Table 4.7: 3C and 4H crystal planes, calculated diffracting 2θ conditions from 30◦ to 80◦, and
interplanar angles with respect to the surface oriented plane. Overlapping positions between
the polytypes are adjacently placed. Bold values correspond to the known surface oriented
plane, as in the case of the substrate, and expected surface oriented plane(s), as in the case of
a potentially mixed polytype film.
3C-SiC 4H-SiC
2θ Plane (111) ∠ (hkl) 2θ Plane (004) ∠ (hkl)
33.55◦ (100) 90◦
34.76◦ (101) 75.15◦










71.78◦ (311) 29.50◦ 71.78◦ (114) 58.51◦
73.35◦ (202) 75.15◦
74.99◦ (107) 28.31◦
75.49◦ (222) 0◦ 75.53◦ (008) 0◦
76.82◦ (203) 68.31◦
SiC peak will be completely overshadowed by the 4H-SiC substrate peak intensity, the
best chance of confirming film polytype is through the observation of the (200) 3C-SiC
plane. If it exists, the film must contain a certain percentage of the 3C-SiC polytype.
The angle between the surface oriented plane, (111), and the (200) plane is determined
from Equation 4.11 to be 54.74◦. For a point detector, χ should be set to 54.74◦, 2θ set to
41.38◦, ω = θ set to 20.69◦, and φ rotated 360◦ to meet the Bragg condition three times
for a 3-fold symmetric (111) 3C-SiC film, if, of course, the (200) 3C-SiC planes exist. The
area detector, however, allows a certain freedom in choosing χ and 2θ since it can detect
diffraction from a range of χ and 2θ values. In this respect properly choosing χ and 2θ
permits the detection of other planes increasing the amount of collected data.
The XRD data presented in Figure 4.14 were taken by setting χ = 45◦ and rotating
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Figure 4.14: XRD patterns for SiC films on 4H-SiC substrates. The diffraction pattern of
the film on the substrate is shown in solid red while the pattern from a masked part of the
same substrate is shown in dashed black.
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φ by 360◦ while the area detector surveyed the full 2θ range. The area detector has a
relatively wide, but bounded, range in χ that spans approximately 46◦ centered around
the set χ value of the goniometer. Thus any plane with an interplanar angle between
22◦ and 68◦ with the surface oriented plane will be detected while the other diffracting
planes will not have their diffraction spots intercepted by the detector. Consequently, any
peak occurring at 2θ = 60◦ must necessarily come from (220) 3C-SiC planes and not (110)
4H-SiC planes, which provides information on the polytype nature of the film in concert
with the appearance or absence of a peak occurring at 2θ = 41.38◦. Any 3C-SiC peak
appearing in the “substrate” pattern is a result of the limited masked space available to
place the x-ray beam, which ostensibly interacted with some of the film.
The results of Figure 4.14 suggest that the films deposited at lower temperatures
demonstrate a strong 3C-SiC preference. The presence of the (200) 3C-SiC peak and a
strong, considering the thickness of a 200 nm thin film, (220) 3C-SiC peak suggest that
films SiC042–SiC046, SiC054, and SiC055 must be near homogeneous 3C-SiC. The fact
that SiC046 exhibits a (111) 3C-SiC plane also suggests that this film is not highly ordered.
The raw data collected by the area detector for SiC047 and SiC055 is shown in Figure 4.15.
The data is integrated over χ, merged together over the two frames, and then plotted as
intensity curves along 2θ in Figure 4.14. For reasons expressed in the previous paragraph,
any spot occurring along 2θ = 41.38◦ or 2θ = 59.98◦ must be attributed to 3C-SiC film
growth. However, the diffracting spots from the two polytypes that overlap at 2θ = 71.78◦
also differentiate themselves along χ because of interplanar angle differences between the
diffracting plane of interest and the corresponding surface oriented plane of the same
polytype crystal. This separation can be seen in Figures 4.15d and 4.15f where the weaker
spots outlined in blue at the top correspond to 3C-SiC while the intense spot at the bottom
corresponds to 4H-SiC. All 3C-SiC diffracting spots of the film are outlined in blue. They
are absent from the pure substrate data presented in Figures 4.15b and 4.15e. Of interest



































































Figure 4.15: Raw data collected from the general area detector diffraction system (GADDS)
for (a) and (d) SiC047, (b) and (e) the substrate of SiC047, and (c) and (f) SiC055. The blue
outlined areas indicate diffraction from 3C-SiC. Because of the limited masked space exposing
only the substrate, the single 3C-SiC spot along 2θ = 60◦ in (e) is due to the beam extending
narrowly into the film. The 3-fold repetition for the SiC047 diffraction spots originate from
the surface plane being cut off-axis, which creates a “wobbling” effect that diffracts at a
slightly different χ value as φ rotates. Because SiC055 was grown on an on-axis (0001) 4H-SiC
substrate, this effect is not seen. The data presented in Figure 4.14 comes directly from these
images after integrating the data over χ and merging the two integrated frames to form a
continuous plot along 2θ.
is the repetitive diffraction spots often occurring as triplets. They are due to the off-axis
cut of the 4H-SiC substrate and film, which when rotated in φ creates a “wobbling” effect
in the planes that diffract at the same 2θ values but slightly different χ values. This effect
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is not seen in Figures 4.15c and 4.15f because the 4H-SiC substrate used for this particular
film growth was cut on-axis. The sample normal and goniometer normal are parallel and
therefore symmetrical planes diffract at the same location every time when rotating φ.
Although this information answers the questions associated with the thicker films,
the polytype formation for the films grown on the substrate holder with the hole is still
unanswered. For extremely thin films such as these, the lack of independent diffraction
peaks is not surprising. Nonetheless, the substrate temperatures during deposition still
seem to be too low, even assuming it to be equivalent to the heater temperature, to
create homoepitaxial growth. Clearly the combination of a slow deposition rate and a
maximum achievable temperature that straddles the dubious transition from 3C-SiC to
4H-SiC growth creates a condition unsatisfactory for homoepitaxial 4H-SiC growth. Still,
given the intensity and narrow widths of many of the 3C-SiC peaks, it is apparent that
highly structured crystals of 3C-SiC on 4H-SiC were being generated.
4.3.4 Surface Morphology
A field emission scanning electron microscope (FESEM) was used to generate magnified—
up to 300,000 times—images of the surface and cross-sectional area of the deposited films.
They provide information about the nanoscale morphology and growth formation.
Figure 4.16 shows a 7,000 times magnified image of SiC042. As implied by the Auger
depth profile of Figure 4.16b, the film is slightly Si biased suggesting that the burgeoning
imperfections are Si rich. Although the reason behind this phenomenon is generally
unknown, it is certainly temperature related. This is the only film exhibiting these features
of the group in Table 4.4, which was grown at the lowest substrate temperature near
858 ◦C. Experimental evidence indicates that a large temperature gradient exists through
the substrate thickness, and, since Si is known to sublime from the substrate as the surface
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(a) (b)
Figure 4.16: The (a) surface morphology and (b) chemical composition of SiC042. The
length declared in the data scale for the FESEM image presented here, and in all following
FESEM images, is the full length from the far left tick mark to far right tick mark. Thus, the
spacing between adjacent tick marks is the stated length divided by 10. The Auger depth
profile indicates that these burgeoning imperfections are Si rich.
begins to reconstruct at 950 ◦C [95, 104], the Si may be slowly forming these clusters as a
result of sublimation but eventually solidifying at cluster sites.
As the temperature was raised, these imperfections disappeared. The images shown
in Figure 4.17 show the changes of the grown film after raising the temperature by 350 ◦C.
The film shows what appears to be layered step growth, which is one of the beneficial
effects caused by growing on vicinal 4H-SiC substrates. Although the growth was very
dense, there are multiple directionless grooves, known as antiphase boundaries [105],
that interrupted the continuous flow of the layers. These antiphase boundaries can also
be seen in the cross-sectional image of Figure 4.17b. Zooming out further to include the
substrate in the view of Figure 4.17c shows that many of these boundaries originated on
top of contrasting lines, possibly imperfections, of the substrate. The last frame, Figure
4.17d, shows that this film is highly uniform, its chemical composition on par with the
substrate.
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(a) (b)
(c) (d)
Figure 4.17: The (a) surface morphology, (b) high-magnification cross section, (c) low-
magnification cross section, and (d) chemical composition of SiC043. The Auger depth profile
indicates that the chemical composition is highly uniform, on par with the substrate.
Surprisingly, the surface of SiC043 looks better than that of SiC046, which mimicked
the parameters of the former while adding substrate rotation. The morphology of SiC046
presented in Figure 4.18a looks less dense with more growth discontinuities than the
result presented in Figure 4.17a for SiC043. SiC046 was the only film deposited on a
rotating substrate and its effect can be seen in comparison to other films. Whereas these
antiphase boundaries tended to produce long continuous grooves in the film surfaces
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(a) SiC046 (b) SiC047
(c) SiC050 (d) SiC052
(e) SiC054 (f) SiC055
Figure 4.18: FESEM images for selected films: (a) SiC046, (b) SiC047, (c) SiC050, (d)
SiC052, (e) SiC054, and (f) SiC055.
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of Figures 4.17a, 4.18b, and 4.18f, the rotation allowed the growing layers to bridge
several of the grooves. However, this produced cove-like areas where the grooves became
entrenched beneath the overlapping new growth. Selected images from some of the
other films are also presented in the group of Figure 4.18. The extremely thin films of
SiC050 and SiC052, shown in Figures 4.18c and 4.18d, respectively, provide information
about the initial SiC nucleation sites. With these films, because the temperatures were
so high and the deposition rates so low, no further development of the sites were made.
The high-magnification image of Figure 4.18e shows some large-scale growth in the
foreground with small-scale growth similar to SiC050 and SiC052 in the background. It is
a picture demonstrating the dual nature of SiC054, which is known to exhibit both the
presence of graphitic C and a relatively thick SiC layer. The last frame presents the surface
of SiC055, which was the only film grown on an on-axis (0001) 4H-SiC substrate. Aside
from the greater density of dimples, it has a similar morphology to the other thicker SiC
films grown on vicinal 4H-SiC substrates. The XRD patterns in Figure 4.14 also imply
that only minor structural differences exist between the growth of SiC thin films on off-
and on-axis 4H-SiC substrates deposited using the hollow cathode sputtering technique
of this study.
The aforementioned unsuccessful attempt at homoepitaxial growth of 4H-SiC is mainly
attributed to the limited temperature range that the heater can bestow upon the substrate
surface and slow deposition rate caused by a highly insulating target. Although some
completely unintended, but interesting, results revealed themselves in the process, the
experiments evince that any film with a thickness great enough to generate independent
signals from the substrate is mainly 3C-SiC with some faulty surface constructions. Once
relegated to this predicament, it became scientifically and economically more promising
to aim for heteroepitaxial growth of 3C-SiC on Si substrates.
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4.4 Films on Si Substrates
Of all the known polytypes of SiC, only the 3C-SiC polytype is cubic [106]. So even though
the lattice mismatch between Si and 3C-SiC is nearly 20%, the cubic nature of Si provides a
patterned foundation upon which 3C-SiC can build. Although the mismatch leaves much
skepticism about how good any film could be, high-quality films of 3C-SiC, with very
few defects, on Si substrates of various orientations have been created [55, 79]. The hint
of success generated in this study growing 3C-SiC films on 4H-SiC substrates generated a
belief that, with some amelioration, high-quality 3C-SiC films on inexpensive Si substrates
could also be produced here. With any luck, Si1-xGexC films could still be studied for the
purpose as a heterojunction partner. Furthermore, the idea of synthesizing graphene on
(111) 3C-SiC, which, when viewing the top few bilayers of SiC, look indistinguishable
with (0001) 4H- and 6H-SiC, could lead to a pathway of generating epitaxial graphene on
Si, bypassing the expensive procurement of α-SiC wafers.
With over 50 films presented thus far, there are approximately 50 films still remaining
that were deposited on Si substrates. Their deposition conditions are presented in Table
4.8. The first four films were created using the older solid molybdenum substrate holder
of Figure 4.3 before the new docking system and holder were installed. The remaining
films were created with the same system design that existed at the denouement of this
study.
Most of the films were deposited on (111) Si substrates because they provide the
obvious choice to generate (111) 3C-SiC films. However, as investigations commenced
studying the atomic lattice matching conditions between the (111) 3C-SiC surface and
other Si face surfaces, it was discovered that (110) Si provided a greater density of

















































SiC056 0.95 / 3.7 -635 / -488 120 48 2.13 128 1200 / 900 0 47 (111) Si
SiC057 0.50 / 1.9 -497 / -464 120 48 1.31 157 1200 / 900 0 59 (111) Si
SiC058d
0.50 / 1.9 -494 / -464 120 48 1.03 123 1300 / 900 0 21 (111) Si
0.05 -298 10 85
SiC059d
0.50 / 1.9 -506 / -464 120 48 0.83 100 1400 / 1000 0 19 (111) Si
0.05 -301 10 85
– New docking system of Figure 3.7 installed –
SiC061e 0.50 / 1.9 -559 / -496 60 48 1.90 114 950 / 900 15 56 (111) Si
0.50 / 1.9 -515 / -480 60 85
SiC062e 0.50 / 1.6 -567 / -496 60 48 2.37 142 950 / 900 0 22 (111) Sif0.50 -639 60 85
SiC063 0.50 -420 60 48 2.35 141 700 / 700 15 6.7 (111) Sif
SiC064 0.50 / 1.9 -565 / -496 60 48 1.35 81 700 / 700 15 3.5 (111) Sif
– Remaining films deposited under the presence of a 7 mT applied magnetic field –
SiC065 0.50 / 1.9 -590 / -520 24 48 1.51 101 700 / 700 15 1.5 (111) Sif
SiC066 0.50 -401 60 48 1.20 72 700 / 700 15 0.8 (111) Sif
SiC067 0.50 / 2.1 -565 / -496 120 48 2.90 174 700 / 700 15 3.7 (111) Sif
SiC068 0.50 / 1.9 -557 / -488 110 48 1.88 113 900 / 900 15 18 (111) Sif
SiC070d
0.50 / 2.1 -555 / -480 120 48 2.47 148 700 / 700 15 25 (111) Sif0.05 -301 10 85
SiC071 0.50 -401 120 48 1.99 718 700 / 700 15 79 (111) Sif
SiC072d
0.50 -401 120 48 1.37 82 700 / 660 15 15 (111) Sif0.05 -310 10 85
SiC073 0.50 -402 120 48 1.33 80 700 / 680 15 1.5 (110) Sif
SiC074 0.50 / 2.1 -563 / -488 120 48 1.30 78 700 / 660 15 2.3 (110) Sif
SiC075 0.50 / 2.1 -559 / -480 120 48 1.28 462 700 / 670 15 3.9 (110) Sif
SiC076d
0.50 / 1.9 -554 / -488 120 48 1.53 92 700 / 690 15 16 (110) Sif0.05 -302 10 85
SiC077d
0.50 -402 120 48 1.97 118 700 / 680 15 10 (110) Sif0.05 -307 10 85
SiC078 0.50 / 1.9 -563 / -488 120 48 1.20 72 750 / 700 15 1.2 (110) Sif
















































SiC079 0.50 / 1.9 -561 / -488 120 48 1.43 86 800 / 720 15 2.9 (110) Sif
SiC080 0.50 / 2.1 -563 / -488 120 48 1.57 94 850 / 730 15 2.2 (110) Sif
SiC081 0.50 / 2.1 -564 / -488 120 48 2.23 134 900 / 780 15 14 (110) Sif
SiC082g ` 106 W / 6 W a 120 48 2.28 137 1000 / 925 15 8.5 (110) Si
f
1.75 105 32 (111) Sif
SiC084 0.50 / 2.3 -568 / -496 120 48 3.00 66 1200 / 1020 15 35 (110) Si
f
1.86 41 30 (111) Sif
SiC085 0.50 / 2.1 -558 / -488 120 48 1.58 95 1200 / 1060 0 21 (110) Si
1.62 97 13 (111) Si
SiC086 0.50 / 2.1 -565 / -496 120 48 1.45 87 1100 / 900 15 2.2 (110) Si
1.47 88 5.0 (111) Si
SiC087 0.50 / 2.1 -568 / -496 120 93 0.43 78 1100 / 950 15 2.3 (110) Si
0.43 78 3.7 (111) Si
SiC088 0.50 / 1.9 -590 / -520 120 118 0.18 64 1200 / 1020 15 3.4 (110) Si
0.19 68 3.4 (111) Si
SiC089 0.50 / 2.1 -580 / -512 120 93 0.39 94 1100 / 1020 15 70 (110) Si
0.39 94 79 (111) Si
SiC090 0.50 / 2.1 -570 / -496 120 118 0.09 32 1100 / 990 15 22 (110) Si
0.09 34 80 (111) Si
SiC092h 0.50 / 1.9 -565 / -488 120 48
1.08 65 1200 / 1030 15 12 (110) Si
1.38 83 3.8 (111) Si
SiC093i 0.50 / 1.9 -559 / -488 120 48
0.63 38 1100 / 980 15 3.0 (110) Si
0.80 48 3.3 (111) Si
SiC094j 0.50 / 1.9 -582 / -504 120 48
1.50 90 1200 / 1030 15 5.1 (110) Si
1.50 90 5.2 (111) Si
SiC095k 0.50 / 2.1 -587 / -512 120 48
1.75 105 Ambient 15 0.7 (110) Si
2.00 120 0.8 (111) Si
SiC096 0.50 / 2.1 -586 / -512 120 48 1.57 94 1100 / 980 15 11 (110) Si
1.88 113 1.5 (111) Si
SiC097l 0.50 / 2.1 -580 / -512 120 48
1.75 105 Ambient 15 0.7 (110) Si
2.00 120 0.8 (111) Si
SiC098 0.50 / 2.3 -578 / -512 120 48 1.65 99 1100 / 940 15 1.3 (110) Si
1.47 88 1.3 (111) Si
















































SiC099m 0.50 / 2.1 -583 / -512 120 48 1.00 60 1100 / 970 15 3.4 (110) Si
0.05 -312 10 85 0.75 45 5.1 (111) Si
SiC100d
0.50 / 1.9 -580 / -496 120 48 0.83 50 1100 / 970 15 19 (100) Si
0.05 -313 10 85 1.53 92 13 (111) Si
SiC101d
0.50 / 2.1 -578 / -488 120 48 1.32 79 1100 / 900 15 17 (110) Si
0.05 -313 10 85
SiC102n 0.50 / 2.3 -585 / -504 120 48 1.77 106 1300 / 1120 15 3.4 (110) Si
1.63 98 3.9 (111) Si
SiC103 0.50 / 2.1 -584 / -512 120 48 1.90 114 1300 / 1100 15 2.2 (110) Si
1.75 105 2.8 (111) Si
SiC104d
0.50 / 1.8 -586 / -496 120 48 1.67 100 1100 / 960 15 38 (110) Si
0.10 -365 10 85 2.45 147 59 (111) Si
SiC105 0.50 / 2.3 -584 / -512 120 48 1.47 88 1300 / 1100 15 1.9 (110) Si
1.67 100 27 (111) Si
SiC106 0.50 / 2.1 -582 / -512 120 48 1.95 117 1300 / 1100 15 6.1 (110) Si
1.53 92 5.0 (111) Sif
All pulse sputtered films used a pulsing frequency of f = 5 kHz and a 25% duty cycle with a supplemental 5 W RF signal
aAverage / Pulse (if pulsed)
bHeater / Substrate surface
cUnless otherwise noted, all substrates were etched in a buffered HF solution and ultrasonically degreased in deionized water
dFilm deposited by simultaneously co-sputtering the center SiC target (top subrow) and side Ge target (bottom subrow)
eFilm deposited by simultaneously co-sputtering two SiC targets: top subrow corresponds to center target and bottom subrow corresponds
to right target (as seen from the substrate vantage point)
fTwenty minute H2 in situ etch at temperature after the ex situ buffered HF etch and ultrasonic cleaning
gRF sputtered films under an applied magnetic field of 21 mT — power given as forward / reflected
hSiC deposition occurred during the 1200 ◦C dwell of Figure 4.56a on a buffer layer created by the Si carb 1 method of Table 4.13
iGate valve throttled to create a 50 mTorr deposition pressure which is approximately 10 times greater than a typical run
jSiC deposition occurred during the 1200 ◦C dwell of Figure 4.56a on a buffer layer created by the Si carb 3 method of Table 4.13
kSample post-annealed in a Ar atmosphere at 1300 ◦C for one hour
lSample post-annealed in UHV at 1200 ◦C for 10 minutes
mFilm deposited by sputtering the center SiC target (top subrow) for one hour, then simultaneously co-sputtering the center SiC target
and side Ge target (bottom subrow) for 15 minutes
nSiC deposition occurred during the high temperature dwell of Figure 4.56a on a buffer layer created by the Si carb 7 method of Table
4.13
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deposited on a (111) Si and (110) Si substrate. These substrates were cleaned using an
organic solvent rinse prior to removing the native oxide layer in a buffered HF solution
and ultimately rinsed in an ultrasonic bath of deionized water following the procedure
described in §3.4.
The deposition rates for the samples grown using one pulsed SiC target with a
supplied DC current of 500 mA at a target-substrate distance of 48 mm are given in Figure
4.19. The rates collectively follow the general trend of a normal distribution with a mean
Figure 4.19: Rate distribution for a single pulsed SiC target with a supplied current of 500
mA and a target-substrate distance of 48 mm.
of 1.63 nm/min and a standard deviation of 0.44 nm/min. The rates calculated here are
lower than those of §4.3 and §4.2.1 because the supplied DC current was lowered to 500
mA after plasma instability became a problem at 960 mA. Considering the damaging
effects a flashing plasma can have on the growing film, a small decrease in rate was
considered an acceptable tradeoff to maintain a consistent glow discharge.
Given the number of samples and tremendous amount of data, results were selected ac-
cording to their scientific relevance and beneficial findings in understanding the chemical,
physical, and electrical characteristics of the hollow cathode sputtered 3C-SiC films.
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4.4.1 Surface Morphology
A smooth surface is important because it is required to form low-defect junctions in elec-
tronic devices and synthesize graphene in large, continuous layers. Although graphene
layers are known to form over step heights, these height differences are on the order of
one SiC bilayer (~0.25 nm) [18]. A smooth surface can also provide information on how
well the individual nucleation sites coalesced in forming the gross crystal.
The surface roughness values are statistically graphed in Figure 4.20 grouped ac-
cording to the particular Si substrate face they were deposited on and whether Ge was











Figure 4.20: Box chart plot of the roughness of those films on (111) Si with and without Ge
and (110) Si with and without Ge. The statistical data of the complete set is also provided in
red.
increases the surface roughness of the deposited film. They also show that, in general,
films grown on (110) Si substrates have a slightly smoother surface than those grown on
(111) Si substrates, although results did vary on a run-to-run basis. Most of the films
exhibited a surface roughness between 3 nm and 20 nm with a median value of 5 nm.
These roughness values are higher than desired to synthesize large-area graphene, but,
as long as the crystal structure is suitable to produce graphene, this is a manageable
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problem that can be somewhat alleviated through polishing techniques to reduce the
surface height deviation.
4.4.2 SiC095
SiC095 was deposited at ambient temperature on both (111) Si and (110) Si substrates.
The success that Berman et al. [61] had in annealing SiC films to form single crystal β-SiC
on Si created hope that this process could provide similar results here. Thus, SiC095 was
annealed in an Ar atmosphere at 1300 ◦C with the purpose of crystallizing the initial
amorphous film.
4.4.2.1 Surface Morphology & Crystallinity
FESEM images were taken to analyze the surface and cross-sectional morphology of the
films. At ambient temperature conditions, the deposited film had a smooth surface and
dense, but disordered, growth pattern typical of an amorphous film. Figures 4.21a and
4.21b show the surface and cross-sectional images of SiC095 grown on (111) Si, which
depict this behavior. Similar constructs were seen for SiC095 grown on (110) Si. After
annealing these films in an Ar atmosphere at 1300 ◦C for one hour, the SiC095 film on
(110) Si produced a weak crystalline pattern while the SiC095 film on (111) Si produced
a stronger crystalline pattern as seen in Figure 4.21i. Although the XRD patterns show
narrow 3C-SiC peaks indicative of well-defined crystals, the FESEM images signify that
collectively the films, on both substrates, are riddled with porous defects and small grains.
Even more pronounced are the dark spots seen in the plan view images of Figures 4.21c
and 4.21e that imply the presence of voids beneath the SiC film. Figure 4.21f shows a
close-up cross-sectional view of the film suspended over a void while Figure 4.21g shows
the SiC film as it spans a void greater than 5 µm wide. The film was sufficiently secure in
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(a) (111) Si (b) (111) Si
(c) (111) Si (d) (111) Si
(e) (110) Si (f) (110) Si
Figure 4.21: FESEM images for SiC095 in (a) plan view and (b) cross-sectional view as
deposited at ambient temperature, (c) and (e) plan views after annealing, and (d), (f), (g),
and (h) cross-sectional views after annealing. The Si substrate orientation for the presented
film is documented below the image. (Continued on next page.)
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(g) (111) Si (h) (110) Si
(i)
Figure 4.21 continued: FESEM images for SiC095 in (a) plan view and (b) cross-sectional
view as deposited at ambient temperature, (c) and (e) plan views after annealing, and (d), (f),
(g), and (h) cross-sectional views after annealing. The Si substrate orientation for the presented
film is documented below the image. The XRD patterns for the pre- and post-annealed samples
are presented in (i) with the full width at half maximum (FWHM) values denoted to the right
of the main Si and SiC peaks. The unlabeled peaks on the far left are the diffracted peaks of
(220) Si due to the λ2 radiation of CuKα1.
structure so that most voids remained covered by the SiC film even after being cleaved
for cross-sectional images. Occasionally though, a piece collapsed into the void under
the pressure of the cleave, as seen in Figure 4.21h. An increase in surface roughness after
annealing can be verified from the slanted surface of the piece lying in the void.
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4.4.3 Si Voids
The voids are a common occurrence when growing 3C-SiC on Si [75–78] because the
high temperatures employed to grow heteroepitaxial 3C-SiC cause the Si to sublime.
The experiments performed in this study suggest that the voids begin to form when the
heater reaches temperatures near 1100 ◦C, which, considering the substrate temperature
is lower than the heater, is slightly lower than that reported by Gupta et al. [107]. Figure
4.22 shows both (111) Si and (110) Si substrates after being annealed in UHV conditions
at 1200 ◦C without any SiC film deposition. Based upon the calculated angle of 29.1◦
(a) (111) Si (b) (110) Si
Figure 4.22: FESEM images of Si voids in (a) (111) Si and (b) (110) Si without any SiC
film deposition. Exposed facets in the foreground are calculated to be {311} while the steeper
facets in the background are expected to be {111}.
made between the void incline and (111) Si surface in Figure 4.22a, the exposed facets of
the void are expected to be {311}, which have an interplanar angle of 29.5◦ with {111}
facets. For the (110) Si substrate in Figure 4.22b, the exposed facets are expected to be
{311} as well given that the calculated angle between the void incline and surface is 31.8◦,
very close to the actual interplanar angle of 31.5◦. The steeper walls farther from the
foreground in both images are believed to be {111} facets. The {111} facets tend to be the
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likely candidate for exposed surfaces of the void because of their lowest surface energy
[108], but, depending on the surface orientation and heating duration, other low-energy
facets can also be exposed [107]. Although a nuisance, these voids can be limited in
number and size by quickly sealing the surface with a dense SiC layer. However, if gaps
persist in the film, the voids can increase in size as Si escapes through the openings,
leading to situations like that in Figure 4.21g.
4.4.4 Film Depositions Below Heater Temperatures of 1100 ◦C
Heteroepitaxial depositions of 3C-SiC on Si typically maintain a growth temperature
above 1100 ◦C for CVD techniques [15, 76, 79, 80]. However, growth temperatures of
900 ◦C have produced heteroepitaxial growth of 3C-SiC on Si for MBE [55] and sputtering
processes [13]. The large temperature gradient present from the back of the molybdenum
holder to the substrate surface created a situation where substrate temperatures were
never able to reach above 1000 ◦C. Efforts to increase this temperature caused the Si
substrate to meld with the molybdenum or completely melt, as in the case of SiC060.
After sample SiC059, the new docking system described and pictured in Figure 3.7 was
installed. It reduced the large temperature gradient, but, at heater temperatures above
1100 ◦C, the shroud in Figure 3.6 that encompasses the heater became a problem. The
shroud was formed by wrapping a flat metal sheet into a circle around the heater and
tying the ends, which slightly overlapped, together with coiled wire. Over time this
overlap began to deform and expand into the rotating path of the substrate holder at high
temperatures. At the time, the reason for this seemingly random stoppage of rotation was
unknown. Consequently, lower temperatures were employed for deposition runs until
SiC084, when the culprit was finally identified and fixed. As mentioned in the previous
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section, staying below a heater temperature of 1100 ◦C meant that voids were avoided5.
4.4.4.1 Surface Morphology & Crystallinity
The first series of FESEM images in Figure 4.23 shows plan views of films all grown
at a heater temperature of 700 ◦C. Figure 4.23a displays a pulse sputtered film without
an applied magnetic field while the rest had a magnetic field present. Essentially no
difference is seen between the surface morphology of SiC064 and the pulse sputtered film
of SiC065, and because the low temperatures tend to produce smoother films anyway,
the magnetic field had little effect. Figure 4.23c shows a straight DC sputtered film 80
nm thick while Figure 4.23d shows a straight DC sputtered film 718 nm thick. Small
grains of columnar growth are evident that end in irregular points and edges. The thicker
film appears less columnar and more like layered growth with discs randomly scattered
on top of each other. The final two images, Figures 4.23e and 4.23f, show a straight
DC sputtered film and a pulse sputtered film, respectively, both co-sputtered with Ge.
Both surfaces look similar to that of SiC073 suggesting that the Ge is not altering the
microscopic growth. One small difference is the more regular grain size seen in the pulse
sputtered film than the straight DC sputtered film. This is probably due to the greater
thickness of SiC070 (148 nm versus 82 nm for SiC072) enabling each individual nucleation
site more material to develop into larger grains. Further confirming this explanation is
SiC073 (80 nm) which also exhibits the smaller grains interspersed between the larger
ones.
The low power used to deposit Ge created doubt about whether any Ge was actually
making its way into the film. The fact that the surface morphology remained essentially
5Although the inconsistent substrate temperatures measured by the pyrometer for the same heater
temperature created some ambiguities, a heater temperature at or above 1100 ◦C did provide a good
predictor that voids would occur. The radiative heat losses suggest that the substrate temperature was
somewhat below this temperature.
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(a) SiC064 (b) SiC065
(c) SiC073 (d) SiC071
(e) SiC072 (f) SiC070
Figure 4.23: FESEM images for a series of SiC films all deposited at a heater temperature
of 700 ◦C: (a) SiC064, (b) SiC065, (c) SiC073, (d) SiC071, (e) SiC072, and (f) SiC070.
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unchanged by co-sputtering Ge suggests that either no Ge was incorporated in the film
or such a low concentration was incorporated that no observable differences appeared
at the nanoscale level. Obviously, the latter condition is most favorable when trying to
achieve a Si1-xGexC material. Although the Auger depth profiles of SiC070 and SiC072
seen in Figure 4.24 are not capable of determining if the detected Ge was substituting for
Si or C, or whether Ge was even substitutional, they do show a small trace of Ge present
in the film. Considering the background noise level of Ge as the percentage represented
(a) (b)
Figure 4.24: Auger depth profiles for (a) SiC070 and (b) SiC072, the two films of Figure
4.23 that also co-sputtered Ge. The insets show the initial survey taken of each surface, which
evince a trace amount of Ge present in the films.
once totally in the Si substrate, SiC070 is estimated to contain ~2–3% Ge while SiC072 is
estimated to contain ~1–2%. The Ge percentages are so small that the Auger has a difficult
time differentiating the Ge signal from noise. It would therefore be difficult to claim Ge
concentration at any level if it were not for the insets showing an initial survey of the
surface before the depth profile, which indicate a small, but discernible, Ge peak. The
disproportionate amount of C detected near the surface is expected for any film exposed
to atmosphere for some amount of time. Since these films were found to decrease in
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density going from the interface to surface, organic particles were capable of penetrating
farther into the film where there is open surface area. Hence, the C concentration is
artificially high near the surface until the film agglomerated sufficiently to eliminate the
naturally occurring organic material that accumulates on surfaces outside of a vacuum
environment.
The XRD patterns for these six samples are displayed in Figure 4.25. The pulse
Figure 4.25: XRD patterns for samples in Figure 4.23. FWHM values are indicated to the
right of the (111) 3C-SiC peaks.
sputtered film while co-sputtering Ge exhibits the highest peak intensity, even more so
than SiC071, which is nearly 5 times thicker. The two straight DC sputtered films, both
with and without Ge, follow in peak intensity. The XRD signature also clearly indicates
that SiC073 was grown on (110) Si. The reason behind the low peak intensities of SiC064
and SiC065 are not known but may be the result of the very small grains, which probably
formed because of the lower Ar flow rates set at 60 sccm and 24 sccm, respectively. Aside
from the peak intensities, there are two key conclusions that one should take away from
Figure 4.25. First, even though the deposition temperatures were relatively low and the
surface morphology looked rather random, all films exhibited highly textured growth
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delineated by the single (111) 3C-SiC diffraction peak. Secondly, even the film grown on
(110) Si generated a textured (111) 3C-SiC film without any (220) 3C-SiC planes oriented
parallel to the (110) Si face of the substrate as one typically expects for epitaxial growth.
Thus it is observed that the growth of (111) 3C-SiC on (110) Si occurs quite naturally,
which is likely due, in large part, to the accommodating lattice matching relationship
between the two surfaces annotated in Appendix A.
A series of cross-sectional FESEM images corresponding to SiC films deposited at
increasingly hotter temperatures are shown in Figure 4.26. They were all deposited on
(110) Si and minus any voids. All images depict some form of columnar growth. However,
at the lower deposition temperatures the columns are narrow and isolated from each
other. At higher deposition temperatures, the columns merge together to form larger
columns. At the film/substrate interface the film is densely packed, but near the surface
the columns separate creating a mixture of film and void. The larger columns had the
effect of increasing the XRD peak intensity as seen in Figure 4.27. As expected, when
the grain size increases, the XRD peak intensity increases in proportion. The first 50 ◦C
increase had little affect in the outcome of both analytical techniques but the last 50 ◦C
increment provided noticeable gains in both aspects of film quality. The results of this
experiment certainly imply even better crystals can be obtained by raising the temperature
and ultimately provided incentive to repair the substrate holder assembly so that rotation
could be maintained at heater temperatures > 1100 ◦C. However, the XRD pattern of
SiC082, an RF sputtered film also shown in Figure 4.27, implies that RF power is not
a desirable deposition mechanism. The (111) 3C-SiC peak intensities are substantially
decreased compared to the pulse sputtered films. Furthermore, the texture was lost on
the (111) Si substrate ascertained by the observance of both (111) 3C-SiC diffraction peaks
and (220) 3C-SiC diffraction peaks.
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(a) 750 ◦C (b) 800 ◦C
(c) 850 ◦C (d) 900 ◦C
Figure 4.26: FFESEM images for a series of SiC films deposited at increasingly higher
temperatures: (a) SiC078, (b) SiC079, (c) SiC080, and (d) SiC081. Heater temperatures are
denoted below the images.
4.4.5 SiC081
The crystalline quality of SiC081 provoked interest in smoothing the surface in preparation
for trying to synthesize graphene. The crystal structure certainly seemed good enough
to provide the foundation for graphene production. However, a roughness of 14 nm is
simply too ragged to generate any graphene layers of significant length. Furthermore, the
film density at the surface appeared quite low.
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Figure 4.27: XRD patterns for samples in Figure 4.26 including an additional RF sputtered
sample for comparison. FWHM values are indicated to the right of the (111) 3C-SiC peaks.
The RF sputtered deposition of sample SiC082 occurred on both (111) Si and (110) Si which,
although not explicitly denoted, can be easily differentiated by the Si substrate peaks.
4.4.5.1 Polishing
The hope was that by polishing the film surface, the ragged edges could be minimized
and also planed down somewhat to the denser film region near the surface. The film was
cleaved into several pieces so that several different polishing techniques could be applied
separately, comparing their results in terms of best surface preparation. These results are
presented in Figure 4.28. Figure 4.28a shows the as deposited surface of SiC081 depicting
a 14 nm roughness. The AFM roughness was reduced to 1.06 nm after using a 1200 grit
SiC grinding disc for 30 minutes followed by a 10 minute polish in a 0.05 µm alumina
slurry. This did a good job of grinding the surface down to the denser part of the film
but was too aggressive for such a thin film and sometimes ripped away larger portions
of the film. Another cleaved piece was only polished in a 0.05 µm alumina slurry for 30
minutes and its surface can be seen in Figure 4.28c. The AFM roughness was reduced to
0.63 nm, but, as can be seen from the lighter areas of the image, the alumina particles
would lodge in the gaps of the film. The alumina slurry proved very difficult to remove
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(a) RA = 14 nm (b) RA = 1.06 nm
(c) RA = 0.63 nm (d) RA = 0.58 nm
Figure 4.28: Various polishing techniques applied to the surface of SiC081. An (a) as
deposited surface is shown along with separately polished cleaved pieces using (b) a 1200 grit
SiC grinding disc for 30 minutes followed by a 10 minute polish in a 0.05 µm Al2O3 slurry,
(c) a 30 minute polish in a 0.05 µm Al2O3 slurry, and (d) a 30 minute polish in a 0.05 µm
colloidal silica slurry. The AFM roughness values are denoted below each corresponding image.
using an ultrasonic rinse. It was never completely eliminated from the surface in both
techniques that used it, which just recreated the problem it was employed to cure. The
last frame, Figure 4.28d, shows the surface of a piece polished using a 0.05 µm colloidal
silica slurry for 30 minutes. The AFM roughness evinced by this surface was the best
of the three and sufficiently planed the film down so that the gap density was reduced.
Although small silica particulates are evident after the ultrasonic rinse, they are few and
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far between.
4.4.6 Film Depositions at Heater Temperatures ≥ 1100 ◦C
The improvement that was seen by increasing the temperature in the series of Figure 4.27
prompted a fix in the shroud of the heater module so that it would not cause a stoppage
of rotation at heater temperatures ≥ 1100 ◦C. The hope was that by increasing the heater
temperature the substrate temperature would rise to more typical values published for
heteroepitaxial growth of 3C-SiC on Si [13, 55, 61, 79].
4.4.6.1 Surface Morphology & Crystallinity
The first two samples were deposited at heater temperatures of 1200 ◦C which corre-
sponded to substrate temperatures around 1050 ◦C. SiC084 was etched in situ using H2
gas and rotated while SiC085 was not etched in situ nor rotated. Their surface SEM
images are presented in Figure 4.29.
The films grown on (110) Si (Figures 4.29a and 4.29e) show pronounced boundary
edges where the growth did not manage to coalesce together. The films on the (111) Si
substrates exhibit a denser surface which explain their smoother surface. However, voids
are also evident on the (111) Si substrates, being more prominent on the non-rotated
sample of Figure 4.29f. Other figures show the film edges where the molybdenum mask
and graphite spacer stopped film growth. These initial nucleation sites of SiC appear as
isolated islands in the bottom-right part of Figure 4.29c. The top-left part of the same
image shows the growth spreading around the nucleation sites, which becomes denser
as one progresses towards the film center. As more material developed around each
site, the narrow branches of growth continued to spread but never completely coalesced
(see the top-right of Figure 4.29b and bottom-right of Figure 4.29g). This initial growth
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(a) SiC084 on (110) Si (b) SiC084 on (110) Si
(c) SiC084 on (110) Si (d) SiC084 on (111) Si
(e) SiC085 on (110) Si (f) SiC085 on (111) Si
Figure 4.29: SEM images of (a), (b), and (c) SiC084 on (110) Si, (d) SiC084 on (111) Si,
(e) SiC085 on (110) Si, and (f), (g), and (h) SiC085 on (111) Si. Images depict (b), (c), (g),
and (h) initial nucleation sites near the film edge and (a), (d), (e), and (f) completed growth
near the center of the film. (Continued on next page.)
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(g) SiC085 on (111) Si (h) SiC085 on (111) Si
Figure 4.29 continued: SEM images of (a), (b), and (c) SiC084 on (110) Si, (d) SiC084
on (111) Si, (e) SiC085 on (110) Si, and (f), (g), and (h) SiC085 on (111) Si. Images depict
(b), (c), (g), and (h) initial nucleation sites near the film edge and (a), (d), (e), and (f)
completed growth near the center of the film.
pattern seems to be the cause for the porous nature of the films. The bright, circular dots
seen in Figures 4.29g and 4.29h are also believed to be isolated islands of SiC that were
generated between the graphite spacer and Si substrate. The C material was supplied by
the graphite spacer. As the Si tried to sublime, it ran directly into the graphite spacer and
formed these spots of SiC.
The surfaces of SiC084 and SiC085 were substantially rougher than the lower temper-
ature films. The higher temperatures were probably the main cause of the appreciable
roughness, but the short target-substrate distance was also expected to be another part of
the problem. Even though the magnet diverted the plasma, a noticeable glow-discharge
still existed near the substrate during deposition. Therefore, the target-substrate distance
was increased in an attempt to completely remove the substrate from the area of the
plasma. As seen in Table 4.8, the roughnesses for SiC087 and SiC088, which were de-
posited at a target-substrate distance of 93 and 118 mm, respectively, were reduced to
a few nanometers6. The FESEM images for these films are presented in Figure 4.30.
6From Table 4.8, SiC089 and SiC090 are depicted as being extremely rough even though they appear to
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(a) SiC087 on (110) Si (b) SiC087 on (110) Si
(c) SiC087 on (111) Si (d) SiC087 on (111) Si
Figure 4.30: FESEM images of (a), (b), (c), and (d) SiC087 and (e), (f), (g), and (h)
SiC088. Plan view images are on the left and cross-sectional images on the right except (f)
which is also a plan view image. (Continued on next page.)
Each image shows distinctive features of the voids prevalent in these films. The reason
these voids are so prominent in the films of Figure 4.30 is not necessarily because of the
hot substrate temperatures but because of the duration of the deposition time. Since the
be deposited with the same parameters, including target-substrate distance. This is a strange anomaly that
can be explained by instabilities in the plasma during deposition. For these runs a leak valve was used in
lieu of the mass flow controllers that were used in all other runs to control the Ar flow rate. The gas was
heated which ultimately caused the diaphragm of the leak valve to slowly fail creating fluctuations in the
Ar flow and, ultimately, plasma discharge. The increased roughness is directly attributed to the unstable,
flashing plasma.
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(e) SiC088 on (110) Si (f) SiC088 on (111) Si
(g) SiC088 on (111) Si (h) SiC088 on (111) Si
Figure 4.30 continued: FESEM images of (a), (b), (c), and (d) SiC087 and (e), (f), (g),
and (h) SiC088. Plan view images are on the left and cross-sectional images on the right
except (f) which is also a plan view image.
target-substrate distance was reduced, the deposition time was increased to three and
six hours for SiC087 and SiC088, respectively, in order to create a film with a reasonable
thickness. This gave the voids a lot of time to form, and, at least on the (111) Si substrates,
they formed near perfect equilateral triangle depressions. Figure 4.30f shows four of them
all oriented in the same direction. In some cases, as in Figure 4.30d, the film was able to
span the void. In others, the film steadfastly followed the void depression (see Figure
4.30b), or simply caved in after some time when it was energetically favorable to do so
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(see Figure 4.30h).
None of the films was particularly good from a crystallinity standpoint either as shown
in Figure 4.31. Although all films except SiC085 exhibit a nice pattern demonstrating that
Figure 4.31: XRD patterns for SiC084, SiC085, SiC087, and SiC088. FWHM values are
indicated to the right of the (111) 3C-SiC peaks. Each deposition occurred on both (111)
Si and (110) Si which, although not explicitly denoted, can be easily differentiated by the Si
substrate peaks.
they are highly textured (111) 3C-SiC, the peak intensity is low. This implies an even
lower quality crystal structure than that evinced by the samples in Figures 4.25 and 4.27.
Even worse is the non-rotated sample, SiC085. Although it preferred (111) 3C-SiC growth,
it is easily identified as nonepitaxial given the fact that both (200) 3C-SiC planes and
(220) 3C-SiC planes appear in the out-of-plane XRD pattern. This means that some of the
crystals are oriented without any regard for the substrate orientation.
As mentioned previously, the melting point of Si is 1414 ◦C implying that all deposition
temperatures must remain below this critical temperature. In fact, the Si substrate began
to deform and seep into the graphite tray between a heater temperature of 1350 ◦C and
1400 ◦C. Subsequently, a heater temperature of 1300 ◦C became the maximum operating
temperature (to within 50 ◦C) to safely expect the recoupment of an undamaged film.
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FESEM images of three films that were deposited at a heater temperature of 1300 ◦C,
with a corresponding substrate temperature of 1100 ◦C, are shown in Figure 4.32. The
difference in these films was the temperature at which the shutter was removed from
the target-substrate path to begin material deposition. Typically the experiments of this
study started the deposition only after the ramping temperature reached its deposition
temperature. That was the process used for SiC106. In an attempt to eliminate, or at
least reduce, the voids created in the Si substrate, SiC103 and SiC105 started with the
deposition at heater temperatures of 700 ◦C and 1100 ◦C, respectively, while the heater
continued to increase in temperature up to 1300 ◦C. No dramatic changes in the FESEM
images presented here were seen from the FESEM images of the films deposited at
lower temperatures. These films also exhibited voids, eradicating the purpose behind
preemptively beginning the deposition. The darker portions of the plan view images
indicate voids beneath the surface of the film. While the cross-sectional images of SiC103
shown in Figures 4.32b and 4.32d demonstrate dense growth, grain sizes remain stymied
at 50–100 nm. Even more disappointing are SiC105 and SiC106, whose plan view images
display gaps in the surface density. These gaps created unsealed space from which
Si further sublimed increasing the density of voids. Aside from Figure 4.32h, which
shows a singularly high-quality section of film, the cross-sectional images of SiC105
and SiC106 show numerous film collapses and general instability. This is probably a
result of the strain incurred throughout the initial film development as the temperature
continued to increase up to the final deposition temperature. Although the thermal
expansion coefficients of Si and 3C-SiC are very similar (αth = 2.616 × 10-6 K-1 for Si and
αth = 2.77 × 10-6 K-1 for 3C-SiC [30]), the large lattice mismatch certainly intensifies this
small difference enough to cause substantial problems at these elevated temperatures.
The XRD patterns for these three films on both (111) Si and (110) Si substrates are
provided in Figure 4.33. Although SiC103 appears to exhibit dense, crystalline growth in
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(a) SiC103 on (110) Si (b) SiC103 on (110) Si
(c) SiC103 on (111) Si (d) SiC103 on (111) Si
(e) SiC105 on (110) Si (f) SiC105 on (110) Si
Figure 4.32: The FESEM images of (a)–(d) SiC103, (e)–(h) SiC105, and (i)–(l) SiC106.
The plan view images are in the left column while the cross-sectional images are in the right
column. (Continued on next page.)
Chapter 4. Analysis of Hollow Cathode SiC Thin Films 118
(g) SiC105 on (111) Si (h) SiC105 on (111) Si
(i) SiC106 on (110) Si (j) SiC106 on (110) Si
(k) SiC106 on (111) Si (l) SiC106 on (111) Si
Figure 4.32 continued: The FESEM images of (a)–(d) SiC103, (e)–(h) SiC105, and (i)–(l)
SiC106. The plan view images are in the left column while the cross-sectional images are in
the right column.
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Figure 4.33: XRD patterns for films deposited at the maximum safely operable heater
temperature of 1300 ◦C. These films materialized on both (111) Si and (110) Si which,
although not explicitly denoted, can be easily differentiated by the Si substrate peaks.
the FESEM images of Figure 4.32, the XRD patterns indicate that these films are more
amorphous in nature. In a slightly contradictory fashion, the films of SiC105 and SiC106
plagued with gaps and structure instabilities generated XRD peaks. These peaks are,
generally speaking, of low intensity and large FWHM. It is believed that the overall
behavior of the film is defined by the initial deposition parameters. Hence SiC103, which
began depositing material at a heater temperature of 700 ◦C, remained amorphous-like,
even as more material grew on the existing layers at a heater temperature of 1300 ◦C. The
information gathered by characterizing the results of these experiments indicate that a
heater temperature of 1300 ◦C creates a fast enough sublimation rate that the film cannot
coalesce fast enough to seal the voids.
4.4.7 SiC057, SiC058, and SiC059
There were some samples that displayed excellent crystal quality. Although the solid
molybdenum holder of Figure 4.3 was replaced for mechanical reasons, it did provide a
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few good films before being replaced. The FESEM images of Figure 4.34 show striking
views of very regularly formed crystals. In particular, the plan view image of SiC058 seen
in Figure 4.34c shows extremely well-defined boundaries and easily identified crystal
shapes like that of a stained glass window mosaic. The cross-sectional image of SiC058
seen in Figure 4.34d shows distinct column features, some of which end in a sharp point
like a spear while others remain flat. The flatter regions appear dark in the plan view
image of Figure 4.34c while the pointed regions appear bright. The crystal sizes for
SiC057 and SiC058, which were grown at a substrate temperature of 900 ◦C, appear to be
slightly smaller but more controlled than those seen for SiC059, which was grown at a
substrate temperature of 1000 ◦C. The spear-like growth may be a result of co-sputtering
Ge, which was also seen for other films when attempting to co-sputter Ge (see Figures
4.23e and 4.23f). The fact that the film structure of SiC059 did not produce this spear-
like growth probably can be explained by noting that the substrate temperature was
above the melting temperature of Ge (938 ◦C). Consequently, it is possible that little to
no Ge was incorporated into the crystal structure of this film. Figure 4.35 shows the
atomic concentrations of the expected elements for the two films of Figure 4.34 that also
co-sputtered Ge. The atomic Ge concentration appears to be greater than that expected
from pure noise, which are the levels depicted once in the Si substrate. A faint Ge peak
evident from the initial surface survey of SiC058 suggests that there is a small percentage
of Ge that may exist in the film. However, the initial surface survey of SiC059 shows no
indication of any Ge making the apparent Ge signal that persists throughout the depth
profile all the more perplexing. All evidence suggests that the Ge percentage is being
reported uncharacteristically high because of an uncalibrated Ge sensitivity factor given
the fact that the substrate temperature was above the melting point of Ge and the surface
morphology is unlike those seen for other Ge co-sputtered films. The dense growth
and coalescing grains of SiC057–SiC059 are the most impressive morphological features
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(a) SiC057 (b) SiC057
(c) SiC058 (d) SiC058
(e) SiC059 (f) SiC059
Figure 4.34: FESEM images of (a) and (b) SiC057, (c) and (d) SiC058, and (e) and (f)
SiC059. Plan view images are on the left and cross-sectional images on the right.
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(a) (b)
Figure 4.35: Auger depth profiles for (a) SiC058 and (b) SiC059, the two films of Figure
4.34 that also co-sputtered Ge. The insets show the initial survey taken of the surface. A faint
Ge peak is discernible in SiC058 but no Ge peak is evident in SiC059.
exhibited by any of the films introduced thus far and elucidate why the XRD patterns for
these films demonstrate a high peak intensity. The lack of overlapping growth seen in
many of the FESEM images of the previous sections is probably due to the fact that these
films were not rotated.
The XRD patterns from these films also exhibit some of the highest intensity (111)
3C-SiC peaks out of all the samples. Figure 4.36 shows the out-of-plane diffraction
patterns featuring the highest intensity (111) 3C-SiC peaks of all the deposited films. The
left frame shows stacked patterns over the whole range while the right frame provides
a direct comparison of the (111) 3C-SiC peaks. These films consist of the three films
presented in this section, one from an earlier section (§4.4.5), and one from the next
section (§4.4.8). The intense peaks and narrow widths are indicative of the large grains
seen in the FESEM images of Figures 4.26d, 4.34, and 4.37.
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Figure 4.36: XRD patterns for some of the better films: SiC057, SiC058, SiC059, SiC081,
and SiC086. FWHM values are indicated to the right of the (111) 3C-SiC peaks. The left
frame shows stacked patterns over the whole range while the right frame provides a direct
comparison of the (111) 3C-SiC peaks. The deposition of sample SiC086 occurred on both
(111) Si and (110) Si which, although not explicitly denoted, can be easily differentiated by
the Si substrate peaks in the left frame. In a similar fashion it can be identified that the pink
curve with a more intense peak in the right frame is due to SiC086 on (110) Si.
4.4.8 SiC086
Although the FESEM images continued to indicate that single crystal growth was playing
a perpetually evasive role, there were samples that demonstrated highly ordered, highly
textured growth. One of the most successful samples grown in terms of XRD character-
ization, previously shown in Figure 4.36, and surface morphology was SiC086. It was
grown at a substrate temperature of 900 ◦C and exhibited a relatively smooth surface.
Plan view and cross-sectional images on both substrate orientations are shown in Figure
4.37. Even though the film still coalesced unevenly, the grain sizes are much bigger than
those seen in the lower temperature samples of Figures 4.23 and 4.26. The cross-sectional
images also show 50–100 nm sections of defect-free growth which are similar in size to
those seen for some of the other better organized films like SiC057 and SiC059.
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(a) (110) Si (b) (110) Si
(c) (111) Si (d) (111) Si
Figure 4.37: FESEM images of SiC086 (a) in plan view on (110) Si, (b) in cross section on
(110) Si, (c) in plan view on (111) Si, and (d) in cross section on (111) Si.
4.4.8.1 Pole Figure
At this point it became important to know whether these films that exhibited highly
textured out-of-plane XRD patterns were also ordered azimuthally or just showed pre-
ferred orientation along the growth direction while being randomly oriented azimuthally.
One way to differentiate between these two crystal constructs is by performing an XRD
pole figure. A pole figure represents the stereographic projection relative to the sample
surface orientation that shows the pole density for a selected set of crystal planes [103].
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Similarly to the setup of §4.3.3, the crystal is rotated in φ while setting χ and 2θ to the
proper values necessary to detect the selected poles on the Debye ring. A film composed
of completely random crystals would create a uniform pole density along the Debye ring.
An epitaxial film would have a pole density and location in tune with that seen in the
single crystal substrate.
A certain minimum crystal quality is needed for very thin films in order to detect
the poles with any reliability and within a reasonable amount of time. Because of the
high intensity (111) 3C-SiC peak illustrated by SiC086, it was a good candidate for a
pole figure analysis. The (220) pole figure for SiC086 on (111) Si is shown in Figure
4.38 along with the (220) pole figure for the Si substrate on which the film was grown.
(a) (b)
Figure 4.38: (220) pole figures for (a) SiC086 and (b) its (111) Si substrate.
The area detector was set to 2θ = 59.98◦ while ω = θ was positioned at half this value
to meet Bragg conditions for (220) 3C-SiC diffraction. The sample was then tilted to
χ = 35.26◦ so that the {220} planes were set to have their normals in the x-ray beam plane
as rotation occurred instead of the surface (111) plane. The 3-fold rotation symmetry
around the [111] direction implies that there should be three (220) poles meeting the
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diffraction condition as the film rotates in φ. Except for the 2θ and ω = θ values which
were positioned at values specific to Si, the (220) poles of the Si substrate were detected in
the same manner. The three (220) poles of the substrate can be easily seen in Figure 4.38b.
They were detected at φ values of 90◦, 210◦, and 330◦. For defect-free heteroepitaxial
growth of (111) 3C-SiC on (111) Si, the (220) poles of 3C-SiC should appear at these exact
same φ positions. The pole figure of SiC086, seen in Figure 4.38a, indicates that highly
textured growth of 3C-SiC is being generated. However, because the film is not single
crystal, it cannot be classified as epitaxial. The figure also indicates that certain defects
exist in the film. These defects are twins and are known to occur in 3C-SiC and other
FCC structures [103]. The main structure is mirrored across the twin plane and produces
the 180◦ mirrored poles of the twin structure. The faintness of the poles indicates that the
twinning is not exceptionally strong.
The pole figure experimental setup and result explanation are schematically displayed
in Figure 4.39. The top row depicts the cubic structure of the film as viewed down the
surface normal while the bottom row shows the corresponding cross-sectional view. From
the cross-sectional viewpoint, the χ axis is out of the paper. The surface oriented (111)
plane is shown in red while the {110} planes7 that produce the three main poles of Figure
4.38a are identified, and color coded, as they enter the Bragg conditions for diffraction.
At φ = 0◦, there are no {110} planes parallel to the χ axis that can be brought into the
proper Bragg conditions, currently occupied by the (111) plane, by tilting χ meaning that
a (220) pole is not accessible. However, at φ = 90◦, both (111) and (011) planes are parallel
to the χ axis so that by tilting χ by 35.26◦, the (011) plane can be brought into the proper
7When describing crystal plane orientations and geometries it is generally easier to reference low index
planes like (100), (110), and (111) rather than the higher index planes like (200), (220), and (222) even though
they are, respectively, parallel to the former planes. However, when referring to the actual diffracting
planes, the structure factor of mixed index planes like (110) is zero for FCC crystals [103] and thus the 2θ
position is set corresponding to the d-spacing between two adjacent (220) planes giving rise to the aptly
named (220) poles.
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Figure 4.39: Pole figure explanation in schematic form. The top row depicts the cubic
structure of the film as viewed down the surface normal. The red triangle depicts the (111)
surface plane which is rotated counterclockwise in φ from right to left. The bottom row
shows the corresponding cross-sectional view as the same structure rotates in φ. The three
diffracting {110} planes that make the (220) poles are identified, and color coded, as they
enter the Bragg conditions for diffraction.
Bragg conditions for diffraction. Similar circumstances arise when φ is rotated to 210◦
and 330◦, at which point the (101) and (110) planes, respectively, are brought into the
proper Bragg conditions when χ = 35.26◦. The twins have the same crystal structure
but mirrored such that the twin structures at φ = 270◦ appear exactly like that of the
main structure at φ = 90◦. So the twin structures actually meet the Bragg conditions
at 90◦ + 180◦ = 270◦, 210◦ + 180◦ mod 360◦ = 30◦, and 330◦ + 180◦ mod 360◦ = 150◦, as
seen in Figure 4.38a.
Gathering the information provided by the pole figure analysis with the FESEM
images of Figure 4.37 one can conclude that, although the film is not single crystal,
the grain structure does exhibit highly ordered growth azimuthally as well. Whatever
the number of crystals, they are essentially all uniformly aligned with some defective
twinning.
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4.4.9 Electron Diffraction
Electron diffraction was also employed to study the crystal structure and film morphology.
RHEED and a transmission electron microscope (TEM) generated diffraction patterns
and images from which further information could be gathered about the true nature of
the films.
4.4.9.1 RHEED
RHEED directs the electron beam at a glancing angle to the surface of the sample so
that the beam does not penetrate into the substrate. In this manner the structural
characteristics of a thin film can be analyzed separately from the substrate. The electron
beam is diffracted from crystal planes of the film similarly to XRD and projected onto a
phosphorus screen. Ideally, this experiment would be performed in situ while the film
was growing to monitor the progress of the deposited film and preserve a clean sample
surface. However, no RHEED system was installed on the hollow cathode sputtering
system of Figure 3.2 so the experiments had to be outsourced.
The RHEED experiments were performed by Staib Instruments pro bono. Knowing
that the samples would not be returned and also not knowing when, or even if, the
experiments would be performed, two samples of excellent surface smoothness, on
account of the experiment, but average crystal quality, as quantified by XRD data, were
sent away for characterization: SiC065 and SiC074. The XRD patterns of these two films
are presented in Figure 4.40 to help gauge what kind of results are expected in the RHEED
experiments. Judging by the preferred orientation of the XRD patterns, it is clear that
these films were by no means unwarranted for experimentation, just that they lack the
diffraction intensity seen in some prior films.
The RHEED pattern for SiC065 was uninformative, offering no diffraction spots
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Figure 4.40: XRD patterns of the two films investigated by RHEED.
to analyze. This was probably due to the length of time it had to build up surface
contamination and its slightly weaker XRD intensity. However, the RHEED pattern of
SiC074 proved to be very informative. Figure 4.41 shows two RHEED patterns generated
by SiC074, one before and one after rotating the film by 30◦. The diffracted pattern
shows spots from the periodically located atoms of the (111) 3C-SiC surface. This pattern
is the reciprocal lattice projection of the real space surface lattice. The atom positions
of the real space lattice are diagrammed in red below the RHEED patterns while the
corresponding reciprocal lattice is shown in blue. The incident electron beam is directional,
and, depending on the surface rotation, the spacing between adjacent atoms along the
electron beam axis changes. The effect is to produce different, but related, reciprocal
lattice patterns. Although not pictured here, these two patterns were replicated every 60◦
as a result of the surface symmetry. The fact that these patterns exhibit isolated diffraction
spots at the expected lattice positions confirm quality film growth and convey that the
film structure is extremely homogeneous over the electron beam area.











































BLUE = RECIPROCAL LATTICE
RED = REAL LATTICE
Figure 4.41: RHEED patterns generated by SiC074, before and after rotating the film by
30◦. The real space diagrammed lattice positions of the (111) 3C-SiC surface are indicated
in red while the reciprocal lattice, corresponding to the experimental diffracted pattern, is
indicated in blue.
4.4.9.2 TEM
One of the most difficult aspects of analyzing samples by TEM is the preparation. Sample
specimens must be thin enough to be electron transparent. Several attempts were made
at removing the Si wafer in a small, local area so that the electron beam could transmit
through the SiC film but still be supported enough to stay intact. Removal was attempted
by using grinding discs and a dimple grinder but the most successful removal process in
this study proved to be a chemical etch. The etch was a mixture of hydrofluoric acid (HF),
nitric acid (HNO3), and acetic acid (CH3OOH), which is often called HNA. This solution
is known to provide a planar etch of Si at a rate of 2 to 6 µm/min in a ratio of 2 mL HF :
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15 mL HNO3 : 5 mL CH3OOH, where the ratios are given in terms of the standard bottle
concentrations of HF (49%), HNO3 (70%), and CH3OOH (100%) [109]. The dissolution of
Si occurs through a continual surface oxidation reaction with the nitric acid. The oxide is
subsequently removed by the hydrofluoric acid. The acetic acid acts as a buffer which
lessens the dissociation of the nitric acid preserving the oxidizing power of the solution
[110]. The HNA etch always managed to etch away the Si from the Si/SiC interface very
quickly before any noticeable thickness had been removed from the Si wafer. In this
manner the film would flake away from the Si substrate when submerged in water. The
flakes would float on the water and were generally large enough to be supported by fine
mesh copper grids.
Figure 4.42 shows the TEM images and diffraction pattern of SiC086 on (110) Si.
The image of Figure 4.42a shows a nice, large grain of 3C-SiC in the center with some
evident gaps between it and the boundaries of adjacent grains. These gaps, also apparent
in the FESEM image of Figure 4.37a, form between local nucleation sites that do not
completely coalesce as the film evolves. However, it is possible that the HNA etch
intensified the magnitude of these gaps and damaged some of the film, but it is difficult
to quantify, or even verify, exactly the extent of this supposed damage. The extremely
high-magnification image of Figure 4.42b highlights some contrasting, dark lines of
the film. These are believed to be stacking fault defects that render themselves as twin
boundaries helping to produce the twin plane diffraction spots of Figure 4.42c. The reason
the diffraction spots are brighter towards the top-left part of the figure is a result of the
slight misalignment of the electron beam, which was not directed perfectly normal to the
sample specimen. The electron diffraction pattern clearly shows a highly ordered crystal
structure as evidenced by the intense, localized spots and no indication of rings. This
means that even though the film is not single crystal, its crystal structures are all similarly
arranged. A small hitch in structure is however observed by the series of diffraction
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(a) (b)
(c)
Figure 4.42: Bright field TEM images at a magnification of (a) 500,000× and (b) 1,000,000×
along with (c) an electron diffraction pattern of SiC086 on (110) Si. The two zone axes are
color coded in the bottom-right according to the respective diffracting planes they produce.
spots located nearest to the direct beam. Based upon the layout and distance between
spots, one can identify the zone axis of the pattern, which quantifies the direction of
the electron beam. Given that the electron beam is directed normal to the (111) 3C-SiC
surface plane of the film, the zone axis of the pattern is expected and determined to be
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[111]. The diffracting planes coming from an electron beam whose zone axis is normal
to grains with (111) 3C-SiC surface planes are indicated in white. The XRD pattern of
Figure 4.43 indicates that a low fraction of grains developed with a (110) 3C-SiC surface
plane. This peak is so small (approximately 175 times lower in intensity compared to the
Figure 4.43: XRD pattern of SiC086 on (110) Si, which appears to be completely (111)
3C-SiC oriented. The FWHM value is indicated to the right. The inset shows a very minuscule
peak of (220) 3C-SiC diffracting planes that is approximately 175 times lower in intensity than
the (111) 3C-SiC diffracting planes.
(111) peak) that it can only be identified by isolating it in the insert. Nonetheless, there
are some diffracting planes in Figure 4.42c coming from an electron beam whose zone
axis is normal to (110) oriented grains; these are marked in yellow. The labeled diffracting
planes are identified using known electron diffraction patterns for FCC structures [111].
Since the diffraction pattern represents a reciprocal lattice pattern, the distance between a





where λ is a function of the electron accelerating voltage, V, such that λ = 12.236√
V
A˚, L is
the effective camera length from the beam source to detector, and R is the radial distance
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of the spot from the direct beam. Since the unlabeled planes lie the same distance from
the direct beam as the (111), (111), (111), and (111) planes, they are expected to be {111}
twin planes, though their exact orientations are unknown.
The planes are identified and labeled according to geometrical considerations between
plane orientations and the electron beam zone axis. Planes must be parallel to the electron
beam zone axis, [uvw], in order to diffract according to the Weiss zone law or zone
equation [111], and therefore the directions normal to the diffracting planes, (hkl), must
be perpendicular to the zone axis such that
hu+ kv+ lw = 0. (4.14)
This also implies that the cross product between the directions normal to two adjacent






= [k1l2 − l1k2 l1h2 − h1l2 h1k2 − k1h2] ‖ [uvw]. (4.15)
Judging by the intensity of the diffracting spots in the electron and x-ray diffraction
patterns, the majority of the film is textured (111) 3C-SiC with a very small portion of
interspersed (110) 3C-SiC.
Figure 4.44 shows the TEM images and diffraction pattern of SiC081 on (110) Si. The
image of Figure 4.44a shows smaller grains than those pictured in Figure 4.42a for SiC086.
This is not necessarily surprising given the lower intensity (111) 3C-SiC peak evinced
by SiC081 in its XRD pattern of Figure 4.27 than that of SiC086 shown in Figure 4.43.
The grains appear like patterned tile because of their well-defined boundaries. Small
gaps are also seen between adjacent grains in the highly magnified image of Figure 4.44b
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(a) (b)
(c)
Figure 4.44: Bright field TEM images at a magnification of (a) 500,000× and (b) 1,000,000×
along with (c) an electron diffraction pattern of SiC081 on (110) Si. The zone axis is located
in the bottom-right.
that were also present in SiC086. The most interesting component of the TEM analysis
is the diffraction pattern of Figure 4.44c, which was determined to be produced by an
electron beam with a [110] zone axis [111]. However, the out-of-plane XRD pattern of
SiC081 shown in Figure 4.27 indicates that its growth occurred normal to the (111) 3C-SiC
planes so that if the electron beam is strictly normal to the TEM holder, as it should be, its
zone axis should be [111]. As perplexing as this is, the actual pattern is quite clean and
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lacks a significant number of stray spots. Unfortunately, it is possible to see faint satellite
spots around some of the {113} spots, which are again believed to be due to twinned
crystals in the structure [55]. Speculation surrounding the inadvertent change of zone
axis is most likely explained in the process of transferring the film from the substrate to
copper grid for TEM analysis. Given the destructive nature of the HNA etch, the (110)
orientation of the substrate, and the amount of delicate handling required to place a 100
nm thick film on a copper grid, something strange could have happened to produce this
puzzling effect. As mentioned previously, it can be seen that the electron beam is not
perfectly normal to the sample specimen because of the greater number of spots evident
towards the top-right part of the image.
The previous two films were grown on (110) Si substrates but, while still affixed to
the substrate, preferred the (111) 3C-SiC orientation. Figure 4.45 shows the TEM images
and diffraction pattern of SiC057 on (111) Si. Immediately evident is the lack of gaps
in Figures 4.45a and 4.45b that clearly defined grain boundaries in the other two films.
This suggests that the film coalesced better during growth formation, creating a denser,
full film. This assertion is also confirmed by the FESEM images of Figure 4.34. Aside
from some of the contrasting sections of the TEM images which reveal small height
differences, SiC057 appears very sound structurally. Its TEM diffraction pattern provides
a near flawless periodicity of spots that arrange according to an FCC crystal along the
[111] zone axis. In this case, the zone axis corresponds precisely to what is expected
given the (111) 3C-SiC preferred orientation of SiC057. What sets the diffraction image
of SiC057 apart from the other two is its regular periodicity that becomes very obvious
because of the absence of any satellite peaks that float in the dark space. Of course, if
the film was perfect, there would be little need for an SiC058, let alone an SiC107. The
spots labeled with an A and B and their radially symmetric equivalents are technically
forbidden to produce diffraction spots for an FCC structure. However, they have been
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(c)
Figure 4.45: Bright field TEM images at a magnification of (a) 200,000× and (b) 1,000,000×
along with (c) an electron diffraction pattern of SiC057 on (111) Si. The spot denoted as A
along with the other five symmetrically located spots at the same radial distance are 13{422}
reflections. The spot denoted as B along with the other five symmetrically located spots at
the same radial distance are 23{422} reflections. The zone axis is located in the bottom-right.
identified by others who have successfully grown heteroepitaxial (111) 3C-SiC on (111) Si
and attributed the spots labeled as A and B to 13{422} and 23{422} reflections, respectively
[79]. This is because the d-spacing of the spots are exactly 13 and
2
3 of the d-spacing of the
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{422} reflections. Although this seems relatively innocuous, there is a more fundamental
explanation for the observance of these spots that also occur in (111) oriented silver and
gold plates and is ultimately attributed to stacking faults/twins on {111} planes [112,
113]. They explain that the stacking fault induces a superlattice effect and, because of
its mono-atomic thickness, creates elongated reciprocal lattice points along the [111]
direction which easily intersect the Ewald sphere as 13{422} and 23{422} reflections [113].
Because of the inferior lattice matching proficiency of (111) Si to (111) 3C-SiC, these spots
originating from stacking fault defects appear with greater intensity and ubiquity than
those in SiC086 and SiC081. However, the overall structural form seen in the FESEM and
TEM images combined with the regularity of the diffraction pattern still indicate that this
is one of the better films grown during the study.
4.4.10 Supplemental Collective Comparisons
Information regarding the Raman signature and resistivity of the films was also collected.
However, because of the nature of the Si substrates, differentiating the characteristics of
the films from those of the substrates was somewhat limited. Reasons for this include
the appearance of a Si substrate peak in the Raman signature around 818.4 cm-1 that
often engulfed the main 3C-SiC peak and doped (111) Si substrates that, because of their
intrinsically low resistivity, prevented accurate film resistivity measurements. Conse-
quently, peak fitting routines were used to deconvolve the peaks in the Raman signature,
and undoped, intrinsic (110) Si substrates were used to more accurately attest to film
resistivities.
Table 4.9 provides information about the out-of-plane XRD data, Raman spectroscopy,
and resistivity measurements of each film from Table 4.8. The filled cells highlight desired



























Table 4.9: Supplemental data, including out-of-plane XRD, Raman spectroscopy, and resistivity measurements, collected
for all films of Table 4.8. The filled cells highlight desired properties of the samples. For the XRD information, red cells
indicate the highest 15 (111) 3C-SiC peaks in intensity and green cells indicate the narrowest 15 (111) 3C-SiC peaks in
FWHM. For the Raman spectroscopy information, red cells indicate a peak located ±4 cm-1 around the accepted TO value













(Intensity) ρ (Ω-cm) Rsh (Ω/) Substrate
SiC056 5474 0.229 Absent 789.8 44.9 630 0.000459 35.9 (111) Si
SiC057 10117 0.275 98 790.2 52.5 2200 0.000841 53.6 (111) Si
SiC058 11386 0.269 Absent 782.0 60.3 1816 0.000508 41.3 (111) Si
SiC059 5992 0.311 Absent 794.1 31.5 3456 0.000190 19.0 (111) Si
SiC061 3075 0.371 Absent 801.5 41.8 1604 0.000406 35.6 (111) Si
SiC062 326 0.685 Absent 793.0 44.5 944 0.000385 27.1 (111) Si
SiC063 971 0.331 Absent 820.2 31.4 1069 0.000499 35.4 (111) Si
SiC064 201 0.447 Absent 804.5 44.1 692 0.000311 38.4 (111) Si
SiC065 83 0.459 Absent 801.5 38.0 950 0.000419 41.5 (111) Si
SiC066 Absent Absent Absent 818.8 43.8 735 0.000400 55.6 (111) Si
SiC067 Absent Absent Absent 778.3 49.0 599 0.000636 36.6 (111) Si
SiC068 3572 0.386 Absent 795.7 43.8 1459 0.000431 38.1 (111) Si
SiC070 5498 0.282 Absent 796.0 45.0 841 0.000673 45.5 (111) Si
SiC071 4859 0.312 Absent 769.1 58.7 2705 0.00454 63.2 (111) Si
SiC072 2090 0.298 Absent 817.9 48.1 1579 0.000510 62.2 (111) Si
SiC073 1537 0.302 Absent 818.7 36.8 1769 1.40 175000 (110) Si
SiC074 524 0.279 Absent 816.7 77.4 1404 1.96 251000 (110) Si
SiC075 4731 0.301 Absent 768.5 45.7 2890 3.90 84400 (110) Si
SiC076 1146 0.324 Absent 779.2 43.2 793 0.651 70800 (110) Si
SiC077 1023 0.326 Absent 774.2 63.5 3799 1.72 145000 (110) Si
SiC078 1487 0.293 Absent 819.0 33.0 2045 0.628 87200 (110) Si
SiC079 1486 0.310 Absent 791.2 43.7 616 0.713 83000 (110) Si
SiC080 1715 0.286 Absent 790.4 41.9 746 0.697 74100 (110) Si
SiC081 5572 0.232 Absent 791.0 41.1 1020 0.387 28900 (110) Si







































(Intensity) ρ (Ω-cm) Rsh (Ω/) Substrate
SiC082 499 0.282 Weak & (200) 798.2 31.1 2850 0.176 12900 (110) Si
319 0.266 140 & (200) 795.5 26.3 2705 0.000458 43.6 (111) Si
SiC084 203 0.264 Absent 799.1 26.3 2179 0.0472 7150 (110) Si
93 0.283 Weak 796.7 24.6 1280 0.000687 167 (111) Si
SiC085 496 0.221 Absent, (200) 794.5 23.3 3082 0.0386 4050 (110) Si
776 0.290 92 & (200) 794.3 26.0 3481 0.0286 2950 (111) Si
SiC086 7036 0.235 42 792.7 25.1 3152 0.0146 1680 (110) Si
3355 0.299 58 793.1 26.5 2303 0.000602 68.4 (111) Si
SiC087 1109 0.327 Absent 801.5 38.1 2942 0.0177 2270 (110) Si
227 0.379 32 799.0 36.9 2419 0.000402 51.5 (111) Si
SiC088 483 0.520 43 801.6 36.0 3527 0.00999 1560 (110) Si
536 0.489 Absent 801.6 37.1 3038 0.000387 56.9 (111) Si
SiC089 441 0.503 39 801.4 41.3 2920 0.00899 959 (110) Si
523 0.417 50 798.8 41.9 2156 0.000313 33.2 (111) Si
SiC090 299 0.444 Absent 802.9 36.4 3151 0.00700 2210 (110) Si
1343 0.327 77 800.5 39.0 2592 0.000170 49.8 (111) Si
SiC092 29 0.258 207 801.1 38.1 1940 0.0177 2700 (110) Si
331 0.437 Absent 802.1 38.9 1991 0.000371 44.9 (111) Si
SiC093 406 0.568 114 801.1 35.9 1808 0.00815 2120 (110) Si
600 0.496 Absent 804.0 36.9 2082 0.000188 39.3 (111) Si
SiC094 Absent Absent 153 810.1 47.0 2947 0.0174 1930 (110) Si
396 0.458 71.9 797.9 38.6 1979 0.000324 35.9 (111) Si
SiC095 32 0.225 Absent 793.5 53.6 2985 0.00603 574 (110) Si
310 0.227 Weak 796.3 54.5 2462 0.00529 441 (111) Si
SiC096 521 0.452 69.8 799.8 40.5 1513 0.000427 45.6 (110) Si
1238 0.419 Absent 794.9 39.8 2741 0.00886 782 (111) Si
SiC097 16 0.581 Absent 801.4 39.7 2549 0.0779 7420 (110) Si
62 0.417 Weak 785.8 51.2 2549 0.0615 5130 (111) Si
SiC098 812 0.409 132 798.3 40.1 1555 0.00660 665 (110) Si
2114 0.396 Absent 794.8 42.0 1102 0.000360 40.9 (111) Si
SiC099 660 0.436 Absent 797.7 39.6 1669 0.00400 666 (110) Si
1675 0.379 Absent 796.4 41.0 1213 0.000171 37.8 (111) Si







































(Intensity) ρ (Ω-cm) Rsh (Ω/) Substrate
SiC100 Absent Absent (200) 792.5 45.9 1364 0.00296 588 (100) Si
204 0.558 Absent 793.7 46.1 1390 0.000383 41.7 (111) Si
SiC101 517 0.491 269 790.6 45.9 1370 0.00588 742 (110) Si
SiC102 3514 0.303 63.2 800.8 47.1 8035 0.00604 571 (110) Si
2664 0.322 23.7 800.6 47.5 8027 0.000556 56.8 (111) Si
SiC103 Absent Absent 63.9 799.7 37.7 1473 0.0523 4590 (110) Si
54 0.537 Absent 801.1 36.3 1579 0.000677 64.5 (111) Si
SiC104 401 0.469 Absent 793.1 43.6 1336 0.00982 984 (110) Si
569 0.425 Absent 792.0 44.4 1604 0.000902 61.2 (111) Si
SiC105 1255 0.404 65.4 799.2 48.1 6762 0.00334 381 (110) Si
918 0.403 Absent 798.6 47.9 7012 0.000647 64.7 (111) Si
SiC106 463 0.397 78 803.4 47.0 6799 0.00573 490 (110) Si
1825 0.349 143 804.1 47.1 5812 0.000976 106 (111) Si
aThis is a sufficient indication that the growth was not heteroepitaxial and, although observed less often, may also be sufficiently
indicated by the appearance of the (200) peak
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3C-SiC peaks in intensity and green cells indicate the narrowest 15 (111) 3C-SiC peaks
in FWHM. For the Raman spectroscopy information, red cells indicate a peak located
±4 cm-1 around the accepted value of 796 cm-1 for 3C-SiC [100], green cells indicate the
narrowest 15 peaks in width, and blue cells indicate the highest 15 peaks in intensity. The
Raman signatures were performed using an excitation laser with a 514 nm wavelength.
The peak fitting routine used two Gaussian curves to deconvolve the overlapping Si
substrate peak and expected 3C-SiC peak. It should be noted that although the TO peak
position may not align to the expected value for 3C-SiC, it does not mean the films are not
3C-SiC; the Auger analysis and XRD results have certainly proven that they are 3C-SiC.
The best explanation for the range of values is the relative lack of an independent film
signal that is often completely overpowered by the substrate signal because of the small
material volume available in the thin film to produce features. Some of the better films of
Table 4.9, in terms of Raman characteristics, are pictured in Figure 4.46 along with the
signature from a Si substrate for reference. It is easy to see why it was difficult to extract
Figure 4.46: Raman signatures of some of the more active 3C-SiC films on Si. No differences
are observed until zooming into the regions identified by the inset, where the data is not
stacked. The 3C-SiC TO mode can be seen extruding as a shoulder to the Si peak at 818 cm-1.
The LO mode is completely overshadowed by the broad Si substrate peak.
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information about the TO mode of the films from Figure 4.46 when even the most active
films have peaks that barely extrude above the intense background signal of the substrate.
The LO mode is completely overshadowed by the broad Si substrate peak associated with
Si second-order Raman scattering [114].
Coincidentally, SiC059 was co-sputtered with Ge during the deposition. However,
the lack of any visible Si-Ge phonon modes in its Raman spectrum of Figure 4.46 and
the lack of Ge in the Auger analysis of Figure 4.35b indicate that this film is probably
just SiC. Some other SiC films that were co-sputtered with Ge did show the presence
of Ge-Ge (~300 cm-1), Si-Ge (~400 cm-1), and Si-Si (~500 cm-1) optic modes found in
crystalline Si1-xGex alloys [115], where the Si-Si mode is different from the single crystal
Si substrate peak at 520.5 cm-1. Their spectra are shown in Figure 4.47 along with the Si
substrate spectrum for reference. Empirical formulas have been derived to determine the
Figure 4.47: Raman signatures of some 3C-SiC films on Si exhibiting Si-Ge modes. The right
inset shows an expanded view of the Ge-Ge, Si-Ge, and Si-Si modes commonly seen in Si1-xGex
alloys. The left inset shows an expanded view of the Ge-C mode present in Si1-x-yGexCy alloys.
The data in the insets are not stacked.
compositional fraction of Ge, x, and in-plane strain, e, in the alloy for 0< x <0.5 based
upon the phonon frequency positions [116, 117]. Based upon the equations determined
Chapter 4. Analysis of Hollow Cathode SiC Thin Films 144
by Chen et al. [117],
ωSiSi = 520.5− 62x− 815e (4.16)
ωSiGe = 400.5+ 14.2x− 575e (4.17)
ωGeGe = 282.5+ 16x− 385e, (4.18)
the Ge composition and strain were calculated for SiC058, SiC076, and SiC077. Theoret-
ically, using any two of the three equations should provide similar results for x and e,
but because the Ge-Ge peak typically has a small amplitude and large width at low x, its
exact location is difficult to determine [116]. Since it was not visible in two of the samples,
Equations 4.16 and 4.17 were used in the calculations of x and e. The fitted peak positions
for the Ge-Ge, Si-Ge, and Si-Si modes along with the calculated Ge composition and strain
are listed in Table 4.10. It is immediately apparent that SiC077 has a calculated x > 0.5
Table 4.10: Calculated Ge composition and strain from the phonon frequencies of Ge-Ge,
Si-Ge, and Si-Si for SiC058, SiC076, and SiC077. The additional features between the Si-Ge
and Si-Si peaks are attributed to the motion of Si atoms in local environments [117].
Sample ωGeGe (cm-1) ωSiGe (cm-1) ωSiSi (cm-1) x e
SiC058 NV 399.0 509.9 0.103 0.005
SiC076 NV 400.0 503.7 0.196 0.006
SiC077 286.1 399.4 469.7 0.600 0.017
NV stands for not visible
for which Equations 4.16–4.18 do not apply. However, judging by the similarities between
the Raman spectra of SiC077 and those presented by Alonso and Winer [115] for x = 0.55
and x = 0.77, the results seem reasonable. The Ge composition is further confirmed by
the XRD pattern of SiC077 shown in Figure 4.48, along with the XRD patterns of SiC058
and SiC076. It contains a sufficient volume of localized SiGe content to produce Si1-xGex
peaks, which are located at 2θ = 27.78◦ and 2θ = 46.16◦ corresponding to the (111) and
(220) orientations, respectively. According to Vegard’s law, which holds to a very good
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Figure 4.48: XRD patterns of the 3C-SiC films exhibiting Si-Ge modes in their Raman
spectra. Only SiC077 has substantial localized areas of SiGe to engender Si1-xGex peaks,
which are located at 2θ = 27.78◦ and 2θ = 46.16◦ corresponding to the (111) and (220)
orientations, respectively.
approximation for SiGe alloys [118], the lattice constant of the Si1-xGex crystals should
produce a (111) Si1-xGex peak located between the 2θ positions for (111) Ge and (111)
Si and a (220) Si1-xGex peak located between (220) Ge and (220) Si. The expected peak
positions for Ge and Si are represented as green and black dashed lines, respectively,
in Figure 4.48. The lattice constants of the Si1-xGex peaks and calculated x fraction are
displayed in Table 4.11. The composition was determined from Vegard’s law in the form
Table 4.11: Calculated Ge composition from the XRD pattern of SiC077 using the Si1-xGex
peak locations and Vegard’s law.
Plane 2θ (◦) a (nm) x
(111) Si1-xGex 27.78 0.5558 0.56
(220) Si1-xGex 46.16 0.5558 0.56
of
aSi1-xGex = xaGe + (1− x)aSi, (4.19)
where aGe = 0.5658 nm and aSi = 0.5431 nm. The calculated Ge composition from the
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XRD data for SiC077 is close to that calculated from the Raman spectrum. However, due
to the limitations of the Raman formulas, the x fraction determined from the XRD pattern
is probably more accurate.
The caveat to all of these calculated Ge compositions is that the conditions apply to
pure SiGe alloys, and the films are known to be mainly composed of the SiC compound—
just see Figure 4.48 for proof—with incorporated Ge. Besides, the x calculated by the
Raman spectra and the XRD pattern is greater than that expected or shown in the Auger
depth profiles of SiC058 shown in Figure 4.35a and SiC077 shown in Figure 4.49. The
Figure 4.49: Auger depth profile of SiC077. The inset shows the initial survey taken of the
surface. A noticeable amount of Ge is discernible in SiC077, especially towards the surface.
reason for this discrepancy is that x represents the fraction of Ge in the alloyed part
of the film, which may be a small volume of the complete film, whereas the Auger
depth profile considers the percentage of Ge compared to both Si and C, which are the
dominant constituents of the film. From this analysis it can be concluded that Ge was
indeed substitutionally finding its way into the film but, in the case of SiC077, generating
a Si0.44Ge0.56 alloy within the SiC film. It is difficult to determine the occurrence of C
bonding in the alloy. The role that carbon plays is typically very limited because of the
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repelling action generated between the Ge and C atoms as more C is added to the SiGe
alloy [119]. Consequently there are relatively few Ge-C bonds in the system, and the Si-C
bonds are known to precipitate out of the system as 3C-SiC above temperatures of 850 ◦C
[120]. In order to create Si1-xGexC in compound form, Ge must substitute for Si implying
the creation of Ge-C bonds. It appears that these Ge-C bonds are present in the film of
SiC077 if one zooms in on the Raman spectra near the main Si substrate peak in the inset
of Figure 4.47. At 560 cm-1 there is a feature that is clearly not part of the Si substrate
signature and attributed to Ge-C bonding [121]. So experimental results indicate that
SiC077 is composed of both 3C-SiC and a SiGe alloy, plus evidence of Ge-C bonds. One
might suggest the shifting of the (111) 3C-SiC peak in the XRD pattern as proof that the
Ge was substituting in the compound, but its peak position noted at 2θ = ~35.66◦ is
typical of those peak positions seen throughout this study for pure SiC films. Thus, it
remains difficult to determine exactly where the Ge-C bonds are occurring in the system,
whether it be the SiC compound or the SiGeC alloy.
The resistivities were calculated using Equation 4.7 with the sheet resistances calcu-
lated by dividing ρ by the film thicknesses, t. For reference, the Si substrate resistivities
were measured at 2.76 Ω-cm for (111) Si and 18500 Ω-cm for (110) Si. Based upon these
values, it can be assumed that the film resistivities on (111) Si are less accurate than those
on (110) Si since the current is likely to pass through the film thickness and travel in
the lower resistivity Si substrate rather than the higher resistivity film. This problem
is eliminated in the undoped, intrinsic (110) Si substrates so that the film resistivities
calculated on (110) Si are expected to be accurate representations. This effect is visually
exuded in Figure 4.50. The films on (111) Si show little variation in resistivity and sheet
resistance over the range of substrate temperatures and, furthermore, generally exhibit
lower values than most of the films on (110) Si. The lack of variation is a manifestation of
the doped substrate on which they were grown. However, ρ and Rsh for the films grown
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(a) (b)
Figure 4.50: Scatter plots of (a) ρ and (b) Rsh versus substrate temperature for 3C-SiC
films on Si. The black lines are best fit exponential curves to the logarithmically plotted
resistivities and sheet resistances of only the 3C-SiC films grown on (110) Si without Ge (black
squares). They are ρ = 3.4359e−0.02125T × 106 for (a) and Rsh = 1.48596e−0.01698T × 1010 for
(b), where T is the substrate temperature in ◦C.
on (110) Si demonstrate dependence on the deposition temperature of the substrate. The
data for the 3C-SiC films grown on (110) Si without Ge tend to follow a exponential
function, which is plotted as a best fit line in black on the logarithmic scales of Figures
4.50a and 4.50b.
4.4.11 Ellipsometry
Ellipsometry is an analytical tool that noninvasively probes the optical constants and
film thickness of the sample under investigation by measuring the change in polarization
state of light reflected by or transmitted through the sample. The incident and reflected
light waves are described by two orthogonal axes: one parallel (p) and one perpendicular
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where rp and rs are the complex Fresnel reflection coefficients for light polarized parallel
and perpendicular to the plane of incidence, respectively, and Ψ and ∆ denote the
commonly used real-valued ellipsometric parameters [122]. A Kramers-Kronig consistent
model is then developed to closely match the experimental data and ensure physical
realness.
Experimental data for selected 3C-SiC on Si films were collected using a J. A. Woollam
Co. M2000 ellipsometer in the range of 0.73–3.3 eV. The data was modeled using two
layers: one for the Si substrate and a general oscillator layer consisting of Gaussian
oscillators to represent the thin film of SiC. In this range of photon energy, the physical
material parameters of interest are the refractive index, n, and extinction coefficient, k,





Applying Equation 4.2 creates a method of estimating the bandgap as previously demon-
strated in Figure 4.6. This technique is particularly useful when the substrate material is
nontransparent near the film bandgap, as in the case of 3C-SiC on Si.
The relatively nice structural and distinct compositional characteristics of SiC057,
SiC058, and SiC059 demonstrated in previous sections (§4.4.7, §4.4.9.2, and §4.4.10),
provided good reason to investigate their optical properties. Figure 4.51 shows the
experimental and modeled data of these three films. After extracting the k values over the
entire energy range, the bandgaps were then estimated by extrapolating plots of (αE)0.5
versus E to the x-axis intersection. The plots and extrapolated lines are depicted in Figure
4.52. The estimated bandgap of SiC057 is very close to that expected for 3C-SiC and
correlates very well with what is expected for one of the better films of this study. Both
SiC058 and SiC059 exhibit different estimated bandgaps, which to some extent is to be
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(a) (b)
Figure 4.51: Experimental and modeled data of ellipsometric parameters, Ψ and ∆, for
SiC057, SiC058, and SiC059. The data was acquired at three different angles of incidence
(AOI) to increase the available information for modeling.
expected given the fact that they were co-sputtered with Ge. Furthermore, the Raman
signature of SiC058 seen in Figure 4.47 certainly verifies the presence of SiGe alloying.
Experimental evidence has empirically determined that the bandgap decreases, although
not necessarily in a linear fashion, from that of Si (1.11 eV) to that of Ge (0.67 eV) as the Ge
concentration increases in the SiGe alloy [124]. However, this effect is not explicitly seen in
Figure 4.52 due to the limited alloy volume and complexities of a SiC-SiGeC-SiGe system.
The odd behavior may be the result of an another interband transition not pertaining to
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Figure 4.52: Estimated bandgap values of SiC057, SiC058, and SiC059 using an extrapolation
technique derived from Equation 4.2.
the indirect bandgap, Eg, which is determined from the the valence band maximum at
the Γ point8 to the conduction band minimum at the X point [125]. The conduction band
of 3C-SiC is known to have its first two minima at the X point, which produce a direct
transition anywhere from 2.7 eV [126] to 3.1 eV [127]. This is an allowed optical transition,
which also requires no phonon interaction, making it possible that the extrapolated line
of SiC058 is due to its effect. If this is true the band edge corresponding to the bandgap
of 3C-SiC is probably concealed in the absorption curve by the SiGe alloy of the multiple
material sample. Although SiC059 revealed no SiGe alloying in the Raman signature,
which may be due to its higher substrate temperature during deposition (see §4.4.7), its
estimated bandgap has lowered from that of pure 3C-SiC suggesting that the sputtered
Ge did affect the film growth to some extent. Because of the lack of information regarding
the precise Ge content and its bonding formation, it is unknown whether the decrease
in bandgap should be attributed to substitutional Ge or simply an effect of a slightly
defective crystal altered by Ge atom locations.
8See Appendix C for k-space symmetry point locations in the FCC Brillouin zone.
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Figure 4.53 shows the estimated bandgaps of SiC086 on both (111) and (110) Si
substrates. Both samples produced bandgap estimates similar to SiC057 and what is
Figure 4.53: Estimated bandgap values of SiC086 on (111) and (110) Si substrates.
expected for a 3C-SiC film. The undulation of the absorption curves occurring in the
lower energy range of these samples and also SiC057 and SiC059 of Figure 4.52 is most
likely a doping effect that is substantiated by the absorption curve of a doped 4H-SiC
substrate in Figure 4.6.
Other films were also analyzed with results generally coincident with what should
be expected. A collection of estimated bandgaps is shown in Figure 4.54. The films
of Figure 4.54a exhibit bandgaps all below the experimental bandgap value for 3C-SiC,
although some are relatively close. These films are known to be slightly less crystalline
in nature than SiC057 and SiC086, mainly because of the lower substrate temperature
(700 ◦C) during deposition. Interestingly, the two samples illustrating the lowest bandgap
values of Figure 4.54a were the only depositions not grown under the presence of a
magnetic field. The arguments made previously alluding to the benefits of applying a
magnetic field to the plasma during deposition are redoubled here after the discovery
that those films demonstrate properties suggestive of a band structure more in tune with
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(a) (b)
Figure 4.54: Estimated bandgaps evaluated from the extrapolated straight line portion of
the absorption curves for (a) SiC063–SiC067 and (b) SiC076 and SiC077. Their color coded
values are listed in the bottom-right corner of each frame.
experimental evidence than those deposited without the magnetic field. This is ultimately
a cause of the structural formation of the material, indicating that the environment is
more disturbing to proper growth mechanisms when the plasma is not confined away
from the substrate surroundings.
The two samples, SiC076 and SiC077, depicted in Figure 4.54b show clear indications
of SiGe alloying in their Raman signatures of Figure 4.47. They also both show dramatic
decreases in their estimated bandgap values compared to a pure 3C-SiC sample. The
fact that both these samples exhibit signs of a SiGe-SiGeC-SiC system make it difficult to
determine exactly the cause of such behavior, but it is quite clear that the SiGe alloying
is dominating the low-energy bandgap edge. From the approximate Ge concentrations
calculated in §4.4.10 for the alloyed portions of SiC076 and SiC077, a conclusion can be
drawn that the increased Ge content drives the bandgap lower.
Further information can be had by observing the optical response in the infrared
region. Previous work done by Tiwald et al. [101] used infrared spectroscopic ellipsometry
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(IR-SE) to determine the free-carrier concentration and mobility values of doped 4H-SiC
wafers and epilayers. Similar methods were used here to create an optical response model
for the 3C-SiC films on Si substrates. However, due to the isotropic nature of β-SiC, the
anisotropic behavior used to model α-SiC was excluded for this analysis. The bottom
layer accounted for the Si substrate while the top layer consisted of a dielectric function
model of the form [101]
ε(ω) = ε∞ +
ε∞(ω2LO −ω2TO)







The first term is the high-frequency dielectric constant. The second term accounts for the
strong transverse, ωTO, and longitudinal, ωLO, optic phonon frequencies of 3C-SiC that
are active in the infrared region; the phonon damping constant is represented by Γ. The
third term is the Drude equation for free carriers with N the free carrier density, m∗ the
effective mass, me the ordinary mass of an electron, and γ the free carrier damping rate.
The mobility is calculated from γ = 1τ as µ =
eτ
m∗me where τ is the carrier lifetime.
Figure 4.55 shows the best model fit to the data generated by SiC086 on (110) Si. The
model characterizes the general features present in the raw data but fails to perfectly
reproduce Ψ and ∆, in large part because of the difficulties parameterizing the substrate.
The substrate was best modeled with a combination of a bottom 350 µm Si layer in
concert with a top layer composed of an 8 nm effective medium approximation (EMA) of
Si (~68%) and pure Drude term (~32%), which was used to model what is believed to
be a greater density of free charge carriers left behind by the subliming Si atoms. The
film was modeled by Equation 4.22 with a linearly graded Drude term representing the
variation of the number and mobility of free charge carriers from the strained interface
of the film to the film surface. The parameter values of Equation 4.22 that led to the
model fit of Figure 4.55 are shown in Table 4.12. One parameter was not allowed to freely
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Figure 4.55: Experimental and modeled data of ellipsometric parameters, Ψ (green) and ∆
(blue), for SiC086 on (110) Si in the infrared region. The data was acquired at two different
angles of incidence (AOI) to increase the available information for modeling.
Table 4.12: Model parameters used to fit the ellipsometric data of SiC086 on (110) Si seen
in Figure 4.55.






N (#/cm3) 6.59 × 1019
µ (cm2/V-s) 0.3 69.7
m∗ 0.25b
a Parameter not allowed to freely float
b Effective mass experimentally determined by cyclotron
resonance at 45 K [128]
float during the fit in order to preserve results coincident with previously determined
information about the film. Those parameters not allowed to float when searching for
the minimum least squares fit are denoted in the table. Unfortunately, only a limited
amount of information can be gathered from this analysis. However, the effects of the
TO and LO phonon modes at 796 cm-1 and 972 cm-1, respectively, are clearly indicated in
the ellipsometry data and model fit corroborating the occurrence of the TO mode and
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verifying the presence of the LO mode that is overshadowed in the Raman spectrum
of Figure 4.46. It also suggests that the free carriers unintentionally incorporated into
the film are generally more mobile towards the film surface as expected for a strained
substrate/film interface. In order to extract more detailed information, a better model fit
is needed that continues to corroborate the information already known about the film.
4.4.12 Si Carbonization
The final attempts to grow single crystal 3C-SiC on Si were created using a carbonization
process that is often used to form a buffer layer between the 3C-SiC/Si interface. Different
findings were reported as to the single crystal [74, 77] or polycrystalline [15, 75] nature
of this buffer layer depending on the conditions surrounding its growth, but it has been
used to grow µm thick layers of single crystal 3C-SiC on Si by CVD [14, 15, 74–76]. Efforts
were made in this study to produce similar carbonized buffer layers with the hope that
this would be followed by the deposition of single crystal 3C-SiC on Si, but by hollow
cathode sputtering of SiC instead of CVD. The carbon source is usually supplied by a
hydrocarbon gas (e.g. methane (CH4), ethane (C2H6), acetylene (C2H2), and propane
(C3H8)) that dissociates as it adsorbs on the Si surface. The carbon atoms react with the
Si to form a thin buffer layer of SiC on the substrate surface. The purpose of the buffer
layer is to relieve some of the strain associated with the lattice mismatch between Si and
3C-SiC, hopefully leading to higher quality films with fewer defects.
Because of the presence of the C target already attached to the system, the carbon
source was capable of being supplied by two different methods: sputtering from the
C target and chemical dissociation from research grade propane (99.99% pure). Eight
different carbonization runs were undertaken, and they are listed in Table 4.13. Some were



























Table 4.13: Deposition parameters for carbonized buffer layers without a SiC film.
Carbon Depositiona Temperature Conditionsb
Sample Current (mA) Voltage (V) C3H8 (sccm) Ramp x (min) y (min) Thickness (nm) Substrate Graphitic C
Si carb 1 250 -490 N/A Figure 4.56a 60 60
~15 (110) Sic X
~15 (111) Sic X
Si carb 2 500 -631 N/A Figure 4.56a 60 60
~15 (110) Sic X
~15 (111) Sic X
Si carb 3 250 -493 N/A Figure 4.56a 180 60
~30 (110) Sic X
~20 (111) Sic X
Si carb 4 250 -492 N/A Figure 4.56a 60 180
~20–30 (110) Sic
~20–30 (111) Sic
Si carb 5 N/A N/A 2 Figure 4.56b 60 N/A
~20 (110) Sic
~30 (111) Sic
Si carb 6 N/A N/A 20 Figure 4.56c N/A 10
~15 (110) Sic
~20 (111) Sic
Si carb 7 N/A N/A 20 Figure 4.56a 60 60
~15 (110) Sic
~15 (111) Sic
Si carb 8 250 -493 N/A Figure 4.56a 60 60 ~30 SiO2 X
All films deposited at a target-substrate distance of 48 mm with a 15 rpm rotation and an Ar flow rate of 120 sccm while sputtering carbon
a Carbon source supplied by either the hollow cathode C target or through chemical conversion of propane (C3H8)
b Temperature process during buffer layer formation given by one of three ramping conditions in Figure 4.56
c Etched in a buffered HF solution and ultrasonically degreased in deionized water
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400 °C


























Figure 4.56: Temperature ramp conditions for carbonized buffer layers.
was sputtered strictly DC with no pulsing in any of the depositions. Most of these buffer
layers were studied independently of any explicitly sputtered SiC film. In this manner, the
buffer layer could be analyzed to determine its properties and characteristics, selecting
the best buffer layer for the further production of a SiC sputtered film. As indicated in
Table 4.8, three films were created using the carbonization process. The SiC sputtering
of SiC092 occurred during the high temperature dwell in the carbonization process of
Si carb 1; the SiC sputtering of SiC093 occurred during the high temperature dwell in
the carbonization process of Si carb 3; and the SiC sputtering of SiC102 occurred during
the high temperature dwell in the carbonization process of Si carb 7. Each carbonization
process followed a well-controlled temperature ramp that is noted for each process in
Table 4.13 and delineated in Figure 4.56. The temperature ramp of Figure 4.56b is an exact
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replica of the ramp used by Yoshinobu et al. [77] to create single crystalline buffer layers
while the temperature ramp of Figure 4.56a was slightly modified by adding a dwell time
at 1200 ◦C to mimic the temperature the buffer layer would be exposed to when followed
by the primary SiC deposition. Obviously, the reaction dynamics were different when SiC
was sputtered during the high temperature dwell as opposed to no sputtering, but the
high temperature dwell was important in identifying how well the buffer layer could seal
the voids. Another difference was in their choice of acetylene for the carbon source. The
buffer layers were typically ~15–30 nm in thickness as determined from cross-sectional
FESEM images, which were similar to thicknesses seen by others [15, 77].
An interesting feature seen in the carbonization processes employing sputtered C
is the presence of the 2D band in the Raman signature indicating graphitic C bonding.
If the length of the dwell time at the highest temperature was not long enough, the
buffer layer would not completely form across the entire surface leaving areas of pure
C untouched. Those carbonization layers that demonstrated graphitic C bonding are
marked in Table 4.13; this effect was only produced by those carbonization processes
sputtering C. Since the C target is bulk graphite, the evident reason for this is attributed
to the direct transfer of C-C bonded particles from the target to the substrate. More
information on this characteristic is provided in §4.4.12.2.
4.4.12.1 Morphology and Crystallinity
The FESEM images reveal some interesting occurrences that happen as the initial SiC
layers begin to nucleate. Ideally one would like to see a smooth, homogeneous buffer layer
completely cover the Si surface before the primary SiC deposition occurs. Depending on
the power applied to the C target, dwell times of the temperature procedures in Figure
4.56, and substrate orientation, the buffer layer had a variable coverage density.
Figure 4.57 shows plan view images of the surface of the carbonized buffer layers
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(a) Si carb 1 on (111) Si (b) Si carb 2 on (111) Si
(c) Si carb 1 on (110) Si (d) Si carb 2 on (110) Si
(e) Si carb 1 on (111) Si (f) Si carb 2 on (110) Si
Figure 4.57: Plan view FESEM images of (a), (c), and (e) Si carb 1 and (b), (d), and (f)
Si carb 2. The first four images show the coverage density of the SiC growth (lighter areas)
and the last two show magnified views of the SiC areas.
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created by Si carb 1 and Si carb 2. The only difference in the two processes was an
increase in power applied to the C target from 122.5 W in Si carb 1 to 315.5 W in Si carb 2.
The light, circular areas surrounding darker triangles and rectangles are the initial SiC
nucleation sites. The dark triangles and rectangles are voids, caused by the subliming Si,
which take on the distinctive shapes of triangles for (111) Si and rectangles for (110) Si.
These areas provide the most abundant supply of free Si atoms with which the incoming
C atoms can bond to form SiC. The SiC areas tended to spread up to 3–5 µm in diameter
at which point the spreading stopped. Further coverage was created by an increase in
the void density. The spreading is believed to be stopped by the thin, but dense, SiC
buffer layer, which seals the void and halts the production of free Si atoms. Although
the expansion of this particular void is prevented, the vapor pressure of Si during the
elevated temperatures of Figure 4.56 still remains high so that new voids must sprout
to alleviate the building pressure. Comparing the results of Figures 4.57a and 4.57c to
Figures 4.57b and 4.57d, the buffer layer of Si carb 2 shows a greater coverage density
than Si carb 1. The reason for this occurrence remains somewhat mysterious because
even though Si carb 2 involved a greater flux of C atoms converging on the Si substrate,
both samples had large areas of pure C (the region between the light circles) available
for reaction. One possible explanation is the inability of the C atoms to react with the Si
once they formed graphitic bonds with other C atoms in the pure C regions. Essentially
this would imply that there is a narrow window for the approaching C atoms to form
Si-C bonds; a greater particle flux would thus increase the chances of creating more Si-C
bonds, increasing the abundance of material to seal the Si voids, and, subsequently, create
more SiC islands around the sprouting voids. Figure 4.57e shows a magnified image of
the boundary between the SiC area (top half) and pure C area (bottom half) of Si carb 1
on (111) Si. Figure 4.57f shows a magnified image of the SiC area. Towards the upper-left
of the image the area becomes darker indicating the location of a void. Occasionally, a
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bright growth was found near the center of the void (see also Figures 4.57b and 4.57d)
but the circumstances surrounding its materialization are unknown.
The coverage density increased for Si carb 2, but it was still far from 100%. Since the
total amount of C deposited appeared to be enough to form a continuous buffer layer of
SiC, the next carbonization processes used the lower sputtering power of Si carb 1, but
increased the duration of the dwell times used for the reaction. Si carb 3 and Si carb 4
were altered by increasing the dwell times from one hour to three hours at 970 ◦C and
1200 ◦C, respectively, in an attempt to lengthen the SiC formation time and hopefully form
a complete, uniform buffer layer. Their FESEM images are presented in Figure 4.58. From
Figures 4.58a and 4.58b it can be seen that by increasing the dwell time at 970 ◦C from one
hour to three hours the buffer layer coverage density remained unchanged on the (111) Si
substrate but increased to nearly 100% on the (110) Si substrate. Interestingly, some of the
voids lying underneath the SiC islands on the (111) Si substrate substantially increased in
size (see the right island of Figure 4.58c) even though the island itself remained limited
in diameter. Apparently the pure C area was dense enough to limit the expansion of
SiC islands and initiation of new voids. Since the C target was continually sputtered
throughout the extended dwell time, a thicker C region is understandable. On the (110)
Si substrate, the complete conversion of the Si surface suggests that enough free Si was
generated to react with the approaching C atoms so that an enduring process of creating
and merging SiC islands could persist without developing dense graphitic C regions. The
surface morphology of the SiC buffer layer is shown in Figure 4.58d where the grain
structure can be seen in its emerging form. The cross-sectional images of Figures 4.58e
and 4.58f indicate the buffer layer is relatively stable as it spans the voids.
If the dwell time is increased at 1200 ◦C instead of at 970 ◦C, as in Si carb 4, both
substrate orientations show complete carbonized conversion. The voids are extremely
well-defined and easily observed beneath the buffer layer. The long duration at a high
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(a) Si carb 3 on (111) Si (b) Si carb 3 on (110) Si
(c) Si carb 3 on (111) Si (d) Si carb 3 on (110) Si
(e) Si carb 3 on (111) Si (f) Si carb 3 on (110) Si
Figure 4.58: FESEM images of (a)–(d) Si carb 3 in plan view, (e) and (f) Si carb 3 in
cross section, (g)–(j) Si carb 4 in plan view, and (k) Si carb 4 in cross section. Substrate
orientations are also denoted below each image. (Continued on next page.)
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(g) Si carb 4 on (111) Si (h) Si carb 4 on (110) Si
(i) Si carb 4 on (111) Si (j) Si carb 4 on (110) Si
(k) Si carb 4 on (111) Si
Figure 4.58 continued: FESEM images of (a)–(d) Si carb 3 in plan view, (e) and (f)
Si carb 3 in cross section, (g)–(j) Si carb 4 in plan view, and (k) Si carb 4 in cross section.
Substrate orientations are also denoted below each image.
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temperature gives the voids ample time to form in their most energetically favorable
equilibrium state [107]. The 100% coverage density was probably stimulated by the
porous nature of the buffer layer spanning the voids, as seen in Figures 4.58i and 4.58j,
which provided an escape path for the subliming Si and subsequently more Si to react
with available C atoms. Figure 4.58k reveals the buffer layer thickness and its structural
stability as it spans the void.
A look at Si carb 5 and Si carb 6 is provided in Figure 4.59 and Figure 4.60, respectively.
They are different from the previous attempts in that they were grown using propane
as the carbon source. The flow rate was 2 sccm for Si carb 5, which closely mimicked
the rate used by Yoshinobu et al. [77]. However, based on the relative lack of coverage
demonstrated by Si carb 5 in Figure 4.59, the flow rate was increased to 20 sccm for
Si carb 6. The plan view images of Si carb 5 show small nucleation sites that cover
approximately 50% of the Si substrate surface. The temperature ramp of Si carb 5
followed the temperature ramp of Figure 4.56b, avoiding any dwell at 1200 ◦C, so it
was expected that no voids would occur. However, Figures 4.59b and 4.59c show that
voids did occur, albeit in small numbers, including some that were large in size. The
cross section images of Figures 4.59e and 4.59f show the isolated columnar growth of the
nucleation sites.
A major revision was made to the temperature ramp of Si carb 6 hoping to establish a
greater conversion rate and increase the buffer layer coverage. The simple ramp of Figure
4.56c increased the temperature to 1300 ◦C explicitly for that purpose. Unfortunately
the coverage density was essentially unaltered (see Figures 4.60e and 4.60f) and the
void density increased (see Figures 4.60a and 4.60b). These voids, depicted in Figures
4.60a–4.60d, were large in size in part because the buffer layer was unable to seal the
voids, which created plenty of room for Si to sublime. The cross-sectional images of
Figures 4.60g and 4.60h show isolated, extremely thin locales of growth similar to those
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(a) (111) Si (b) (110) Si
(c) (111) Si (d) (110) Si
(e) (111) Si (f) (110) Si
Figure 4.59: FESEM images of (a)–(d) Si carb 5 in plan view and (e) and (f) Si carb 5 in
cross section. Substrate orientations are also denoted below each image.
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(a) (111) Si (b) (110) Si
(c) (111) Si (d) (110) Si
(e) (111) Si (f) (110) Si
Figure 4.60: FESEM images of (a)–(f) Si carb 6 in plan view and (g)–(k) Si carb 6 in cross
section. Substrate orientations are also denoted below each image. (Continued on next page.)
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(g) (111) Si (h) (110) Si
(i) (111) Si (j) (110) Si
(k) (111) Si
Figure 4.60 continued: FESEM images of (a)–(f) Si carb 6 in plan view and (g)–(k)
Si carb 6 in cross section. Substrate orientations are also denoted below each image.
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seen in Figure 4.59f. The final three cross-sectional images (Figures 4.60i–4.60k) provide
some information about the growth on the void interior. The growth attempting to initiate
on the void walls and bottoms appears less structured and more free-flowing than that
on the substrate surface.
It may appear as if most of the carbonization processes were unsuccessful, and this
conclusion is mainly correct. In fact the buffer layer was not capable of supporting
any better SiC growth than that produced by films already studied that had no stress-
alleviating buffer layer. Although nothing spectacular, SiC102 did show some decent XRD
signatures confirmed by Table 4.9. The FESEM images of the three films (SiC092, SiC094,
and SiC102) created using a buffer layer approach will be presented first, followed by
their XRD results.
The plan view images of SiC092 in Figures 4.61a and 4.61b show the holdover of voids
from the Si carb 1 carbonization process. Since the voids were spanned by the converted
buffer layer, it is no surprise that the primary SiC deposition continued to span the voids.
However, the porous behavior seen explicitly over the voids is an undesired feature of
the growth. The magnified views of the surface show the typical overlapping, jagged
growth protrusions seen by many of the other films implying that the buffer layer had no
impact on the final surface layer formation. The cross-sectional images shown in Figures
4.61e and 4.61f indicate that decent sized grains were formed, but the vertical structures,
although columnar, had winding contours that appeared to create hollow boundaries
detracting from the overall film quality, especially on the (111) Si substrate.
The carbonization process used to create the buffer layer of SiC094 was Si carb 3.
It dwelled at 970 ◦C for three hours instead of one hour like Si carb 1, which was the
carbonization process used for SiC092. The buffer layer created by Si carb 3 provided
limited coverage on (111) Si, as seen in Figure 4.58a, but complete coverage on (110) Si, as
seen in Figure 4.58b. Two lower magnification plan view images of SiC094 are shown in
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(a) (111) Si (b) (110) Si
(c) (111) Si (d) (110) Si
(e) (111) Si (f) (110) Si
Figure 4.61: FESEM images of (a)–(d) SiC092 in plan view and (e) and (f) SiC092 in cross
section. Substrate orientations are also denoted below each image.
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Figures 4.62a and 4.62b, which, not surprisingly, show hints of underlying voids. Unlike
SiC092, the film looks denser and shows no evidence of any porousness over the voids.
An interesting note is the subtle surface structure change that appears as a slightly darker
hued circle surrounding the central void shapes. Apparently the 1200 ◦C dwell time
is critical to the complete coverage of the carbonized buffer layer because the change
in morphology is a direct result of the isolated SiC island formation around the voids
during the carbonization process. Since the primary SiC deposition began immediately
after the 1200 ◦C dwell period was reached and the islands had not yet merged, the SiC
islands surrounding the voids and the interposing pure C ocean offered different surface
formations with which to begin the primary SiC thin film growth. The left half of Figure
4.62c shows the surface structure of SiC094 on (111) Si originating from the SiC buffer
layer surrounding the void while the right half shows the surface structure originating
from the C region. A similar result can be seen for SiC094 on (110) Si in Figure 4.62d
where the SiC deposition occurring on the buffer layer is located in the right half and the
SiC deposition occurring on the C region is located in the left half. Both images show
larger structure formation in the C region than the SiC buffer layer region. However, the
film development on the pure C region also shows unwanted behavior embodied by the
overlapping, jagged surface features while the film development on the SiC buffer layer
region exhibits well-behaved growth with essentially no overlapping. This is certainly
due to the SiC buffer layer providing a lattice-matched general layout for the new SiC
material during the primary SiC deposition that was not provided by the C region. The
cross-sectional images exhibit denser growth than that observed for SiC092. The film
looks stable spanning the void in Figure 4.62e and grains 50–100 nm in width can be
observed in Figure 4.62f.
The last film deposited on a carbonized Si substrate was SiC102. Its primary SiC
deposition occurred during the high temperature dwell of Si carb 7, which used propane
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(a) (111) Si (b) (110) Si
(c) (111) Si (d) (110) Si
(e) (111) Si (f) (110) Si
Figure 4.62: FESEM images of (a)–(d) SiC094 in plan view and (e) and (f) SiC094 in cross
section. Substrate orientations are also denoted below each image.
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for the carbon source. Voids prevalently exist in this sample as well which beleaguer the
overall surface uniformity. However, in some cases they differ from SiC092 and SiC094 in
two ways: many voids take on irregular shapes in SiC102 and the film structure shows
signs of collapsing over the voids (Figure 4.63a) or never spanning the voids to begin
with (Figure 4.63b) so that the voids persist unsealed. The magnified plan view image
of Figure 4.63c appears very similar to the surfaces of SiC092 and SiC094 while that of
Figure 4.63d appears much smoother but also exhibits small gaps. The first cross-sectional
images show sections of the film where the film managed to span the length of the void
both on (111) Si (see Figure 4.63e) and (110) Si (see Figure 4.63f). The cross-sectional image
of Figure 4.63g shows a section where the film collapsed, but managed to stay intact and
elevated above the substrate. A film that collapsed, or simply never spanned the void
at all, and thus compelled subsequent growth to occur along the void walls can be seen
in the cross-sectional image of Figure 4.63h. Judging by the relative lack of coverage
created by the converted Si substrate using propane in Si carb 5 and Si carb 6, it seems
unlikely that much surface area coverage occurred preceding the primary SiC deposition
of SiC102. It therefore seems likely that the properties of SiC102 would resemble a typical
pulse sputtered SiC film without a carbonized surface. Aside from the general chaos
surrounding the voids, which, unlike a typical deposition without the carbonization
process, had a substantial head start on the primary SiC deposition during the extensive
temperature ramp, the film looks very similar in structure to other films studied in this
report.
The XRD pattern shown in Figure 4.64 looks well formed with decent peak intensities
for the (111) 3C-SiC diffracting planes. The films of SiC102 exhibited growth with the (111)
3C-SiC planes parallel to the surface on both substrate orientations as seen in prior films.
However, the XRD patterns of SiC092 and SiC094, which were noticeably affected by the
sputtered C buffer layers in their FESEM images, show a dramatic change from the typical
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(a) (111) Si (b) (110) Si
(c) (111) Si (d) (110) Si
(e) (111) Si (f) (110) Si
Figure 4.63: FESEM images of (a)–(d) SiC102 in plan view and (e)–(h) SiC102 in cross
section. Substrate orientations are also denoted below each image. (Continued on next page.)
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(g) (111) Si (h) (110) Si
Figure 4.63 continued: FESEM images of (a)–(d) SiC102 in plan view and (e)–(h) SiC102
in cross section. Substrate orientations are also denoted below each image.
Figure 4.64: XRD patterns of films grown following a carbonization process: SiC092, SiC094,
and SiC102. Si carb 1 and Si carb 4, which had the greatest amount of buffer layer coverage
and thus expected to show the greatest SiC peak intensities, are also shown for reference. The
inset shows the small (111) 3C-SiC peaks present in both Si carb 1 and Si carb 4, although, as
expected, the peak is more intense for Si carb 4. FWHM values are indicated to the right of
the (111) and (220) 3C-SiC peaks and color coded in the inset. The depositions occurred on
both (111) Si and (110) Si which, although not explicitly denoted, can be easily differentiated
by the Si substrate peaks.
pattern seen for many of the pulse sputtered SiC depositions already studied. They
exhibited preferred, albeit subtle, growth directly according to the substrate orientation.
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Thus, the SiC092 and SiC094 films grown on (111) Si exhibited preferred (111) 3C-SiC
growth while the films grown on (110) Si exhibited preferred (110) 3C-SiC growth. The
occurrence of (110) 3C-SiC/(110) Si is unique to this growth process and believed to be
the result of the incomplete coverage of the buffer layer. The natural tendency is for (111)
3C-SiC to grow on (110) Si because of the better-suited lattice match between the two
different surface orientations [80], but because the sputtered C did not completely convert
to SiC, much of the primary 3C-SiC deposition developed on a (110) C (polycrystalline
diamond) layer inducing (110) 3C-SiC growth. This would also explain the slight leftward
shift in the broad, faintly seen, (220) C peaks and slight rightward shift in (110) 3C-SiC
peaks as the C attempts to match the larger lattice of Si (aSi = 0.543 nm) while 3C-SiC
(a3C-SiC = 0.436 nm) attempts to match the smaller lattice of diamond (aC = 0.357 nm).
4.4.12.2 Raman Spectroscopy
Si carb 7 and Si carb 8 were undertaken solely for the purpose of determining if the
graphitic C materialization was a phenomenon unique to the sputtered C target and,
if so, could also be produced on an insulating SiO2 substrate. The hope was that the
technique could possibly lead to graphene synthesis by sputtering graphitic C. Raman
spectroscopy was used to identify the presence of graphitic C that developed during the
carbonization processes of Table 4.13. The results are plotted in Figure 4.65 for both (111)
Si and (110) Si, since the results were surprisingly substrate dependent. Depending on
the source of carbon, the carbonized surface takes on different forms. Using propane, the
gas either reacts with the Si substrate to initiate 3C-SiC nucleation, which has only weak,
second-order features in the range plotted in Figure 4.65, or is pumped out of the system.
Using the graphite C target, the C atoms either miss the substrate completely, bond with
the available Si atoms to initiate 3C-SiC nucleation, or simply deposit on the surface as C.
It can be seen from Figure 4.65 that the latter option transports the graphitic C bonds of
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(a) (b)
Figure 4.65: Raman spectra of the carbonization processes of Table 4.13 on (a) (111) Si
and (b) (110) Si. For quick reference, Si carb 1–Si carb 4 and Si carb 8 used the graphite C
target as the carbon source and Si carb 5–Si carb 7 used propane as the carbon source. The
dashed vertical lines represent expected locations for the D, G, and 2D bands of C. The black
lines represent EG and the red lines represent MCG. The spectrum of Si carb 8 is the same
for both graphs since it was grown on an orientation independent, thermally oxidized SiO2
substrate. Its spectrum is also divided by 30.
the target to the Si surface. The intense D and G bands in combination with the weaker
2D band indicate that this is not a single layer of graphene, or even few-layer graphene
(FLG), and that the pure C regions are quite defective. The results are no less interesting
if only because the experiments were designed to create 3C-SiC buffer layers. Similar, but
more intense, results are seen on the SiO2 substrate of Si carb 8, suggesting that if there
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is a way of limiting the graphite layers by reducing the sputtering rate or temperature
sequence, there may be a pathway to directly deposit FLG on an insulating substrate.
Somewhat strangely, the carbonized buffer layer occasionally depended the Si substrate
orientation, depending on the particular temperature ramp sequence. For example,
Si carb 1 was simultaneously deposited on both (110) Si and (111) Si substrates, yet the
C peaks on the (111) Si substrate are barely emerging from the background while the C
peaks on the (110) Si substrate appear very well-defined. A similar, but reversed, effect is
seen for Si carb 3. This implies that the three hour dwell at 970 ◦C for Si carb 3 generated
too much C for the (111) Si substrate to completely convert it into 3C-SiC during the one
hour 1200 ◦C dwell, but was quite suitable for the (110) Si substrate, which converted
the whole surface after the one hour 1200 ◦C dwell. This is confirmed by the FESEM
images found in Figure 4.58. The increased C sputtering rate of Si carb 2 generated by
the increase of applied power created more pure C regions than could be converted into
3C-SiC by either substrate. The key to pervasive buffer layer coverage on both substrates
appears to be determined by the duration of the 1200 ◦C dwell time. The three hour
dwell at 1200 ◦C for Si carb 4 was enough time to convert the entire surface on both
substrates, confirmed by the lack of C bands in its Raman signature of Figure 4.65 and
FESEM images of Figure 4.58. Of course, when the Si was trapped by the 100 nm thick
oxide layer of the SiO2 substrate used in Si carb 8, essentially no reaction could occur to
convert the surface.
The robustness of the graphitic C regions is signified by their ability to survive a
sputtered SiC deposition after the carbonization process. Both SiC092 and SiC094, which
were SiC depositions on buffer layers created by Si carb 1 and Si carb 3, respectively,
exhibited the continued presence of graphitic C peaks in their Raman spectra. Their
data are plotted in Figure 4.66. Because the primary SiC deposition occurred during
the 1200 ◦C dwell of the carbonization processes, the available reaction time at 1200 ◦C
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Figure 4.66: Raman spectra of SiC092 and SiC094 that were grown using the carbonization
processes of Si carb 1 and Si carb 3, respectively. The corresponding carbonization processes
are plotted as dashed lines in the same color below the sample data. The dashed vertical lines
represent expected locations for the D, G, and 2D bands of C. The black lines represent EG
and the red lines represent MCG.
that is so important in converting the complete surface to a 3C-SiC buffer layer was cut
short. Therefore, the graphitic C regions were still present as the primary SiC deposition
began for SiC092 and SiC094, which explains the graphitic signature in all the samples
even when the carbonization processes may not signify the same features. Essentially,
the primary SiC deposition traps the C regions between itself and the Si substrate. The
trapped graphitic C then manages to avoid reacting with all of the surrounding Si during
the entire one hour deposition. Judging by the low intensity of the XRD peaks exhibited
by the two films, these rich C regions must degrade film quality and should therefore
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be converted to a complete 3C-SiC buffer layer before deposition to engender better
crystalline growth.
It may be said that the buffer layer approach was not given a fair trial because of
the general lack of nucleated 3C-SiC growth when using propane and lack of complete
conversion when sputtering C. Although unknown at the time, the growth of pulse
sputtered SiC on carbonized buffer layers was misconstrued by these problems associated
with only partially developing the buffer layer. However, the crystallography information
presented in the XRD patterns and electron diffraction images indicate that the pulse
sputtered SiC technique can create good quality crystals without explicitly forming a
carbonized buffer layer thereby eliminating extra time and steps. This may be because
it is inherently forming its own buffer layer during the initial nucleation period, since
sputtered SiC buffer layers have been used before to provide a intermediate layer for
single crystalline 3C-SiC films deposited via CVD [14].
4.4.13 Graphene Synthesis
Graphene synthesis has become a growing area of interest ever since the discovery of its
interesting electrical properties [17]. Although graphene was initially isolated by removing
a single layer from bulk graphite, others have synthesized it on α-SiC by subliming the Si
[18, 97, 104]. If one can synthesize graphene on β-SiC, which can be grown on Si, the cost
of purchasing or creating an α-SiC substrate can be eliminated.
Several attempts were made to do precisely that on the pulse sputtered 3C-SiC films
deposited in this study. In order to verify the appropriate annealing temperature and
duration to synthesize graphene, 4H-SiC substrates were used as standards to garner
the number and quality of epitaxial graphene layers grown under known conditions.
Attempts were not made to idealize the process, simply to verify that the SiC surface
Chapter 4. Analysis of Hollow Cathode SiC Thin Films 181
was being converted to graphitic C so that these same parameters could be used as a
reference when annealing the 3C-SiC samples. As mentioned in §4.3, the surface begins
to reconstruct between 1200 ◦C and 1300 ◦C. As seen in Figure 4.67, graphitic conversion,
although nonideal, occurred by annealing the 4H-SiC substrates at a heater temperature
of 1580 ◦C—a substrate temperature of 1275 ◦C—for 30 minutes. Although the heater
(a) (b)
Figure 4.67: Raman spectra of 4H-SiC substrates after graphene synthesis showing the (a)
raw spectra and (b) substrate subtracted spectra. The temperature ramp up to and down
from the annealing temperature was 200 ◦C/min in both cases. The dashed vertical lines
represent expected locations for the D, G, and 2D bands of C. The black lines represent EG
and the red lines represent MCG. The bulk graphite spectrum is divided by 4.
temperature could be lowered to some extent, the heater temperature would still need
to be well above the melting point of Si in order to initiate Si sublimation and thus the
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technique needed to be modified to suit experiments on Si substrates. To this end the
substrate holder was modified by creating a 1.5 cm diameter hole in the back side—the
side facing the heater—of the graphite tray so that the samples could be mounted in
such a way that their surfaces would be directly exposed to the heater9. Figure 4.67 also
shows the graphitic conversion of 4H-SiC substrates that directly faced the heater at a
temperature of 1300 ◦C for 30 minutes. Both this and the previous experiment used an
SiCrystal 4H-SiC substrate cut 0◦ off axis and a Cree 4H-SiC substrate cut 4◦ off axis.
The experiments were carried out on the Si face for the SiCrystal substrates because the
carbon face was unpolished. Both faces were polished on the Cree 4H-SiC substrates;
the 1275 ◦C anneal exposed the Si face while the 1300 ◦C anneal exposed the C face.
The raw spectra are plotted in Figure 4.67a with the signatures from pure SiCrystal and
Cree substrates. Figure 4.67b shows the same spectra after subtracting the pure substrate
signatures and, for comparison, a bulk graphite signature. The D band peak and the low
2D/G peak intensity ratio indicate that the graphene layers are fundamentally defective,
but the mere presence indicates that similar results should be attainable for the 3C-SiC
films, most importantly, at temperatures below the melting point of Si. The fitted peak
information for the four samples of Figure 4.67 are presented in Table 4.14. It is difficult
to quantify the exact number of layers because, generally speaking, the C face develops
new graphene layers continually throughout the annealing stage whereas the Si face
tends to reach a limit in the total number of layers ultimately created [129]. Therefore,
it would be expected that for the same temperature and duration, the C face would
produce more layers than the Si face. The 2D/G peak intensity ratios suggest otherwise
leading to the conclusion that a full layer has not yet completely formed on the Si faces.
Prematurely stopping the synthesis during the reconstruction phase could also explain
9Unfortunately, this required any deposited film to be removed from the chamber so that it could be
remounted facing the heater instead of facing the sputtering torches.
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Table 4.14: Fitted carbon band Raman peak information for epitaxial graphene on pure
4H-SiC substrates.
Sample Band Center (cm-1) Width (cm-1) Height Area Intensity ratio(2D/G)
Cree
C face, 1300 ◦C
D 1369.1 40.9 6326 354151
1.32G 1592.9 32.7 19623 887763
2D 2729.9 62.5 25918 2234670
SiCrystal
Si face, 1300 ◦C
D 1367.9 65.3 2092 189156
0.858G 1599.1 36.3 7929 400199
2D 2748.0 73.2 6805 690927
Cree
Si face, 1275 ◦C
D 1366.6 56.4 2080 124793
0.754G 1595.3 37.5 5434 302385
2D 2742.7 86.8 4099 518041
SiCrystal
Si face, 1275 ◦C
D 1368.5 54.3 1916 115638
0.787G 1596.1 41.1 5453 331891
2D 2745.0 84.8 4294 540267
why the D band is still clearly visible. Regardless, the main purpose of these experiments
was to verify that graphene, whatever the number of layers, could be synthesized at these
particular temperatures in the UHV system.
The Raman spectra of the 3C-SiC films that were annealed in an effort to produce
epitaxial graphene are presented in Figure 4.68. The samples were etched and cleaned
just as if it were a bare Si substrate prior to reinsertion in an effort to remove any surface
contamination or oxidation. After all the preparation, the results are simply undesirable
and offer a generally featureless signature to analyze. The sharp peak near 1970 cm-1
seen in SiC057 and SiC086 is from the second order Raman overtone of the 3C-SiC LO(Γ)
mode10 [130]. The first order mode theoretically occurs at 972 cm-1 so the peak is shifted
somewhat from the expected position of 2LO(Γ) = 1944 cm-1, which may be due to
stress effects. Since the first order LO(Γ) mode is completely engulfed by the Si substrate
signature (see Figure 4.46), it cannot be determined whether it is also shifted. The weaker
peak just below 2300 cm-1, also seen in the SiC086 samples, is a third order overtone of
10The argument in parentheses denotes the high symmetry point in the Brillouin zone of an FCC crystal
where the phonon mode originates. See Appendix C for further discussion.
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SiC110 (110) 1215 Instant
SiC110 (111) 1215 Instant
SiC109 (110) 1215 6
SiC086 (110) 1200 10
SiC086 (110) 1300 30 X
SiC086 (111) 1200 10
SiC086 (111) 1100 60 X
SiC086 (111) 1030 30 X
SiC081 (111) 1300 30 X
SiC057 (111) 1300 15
Si
Figure 4.68: Raman spectra after annealing selected 3C-SiC films. The table to the right
indicates the key parameters of the anneal. All films were annealed in the UHV system except
SiC081, which was annealed in an Ar atmosphere. SiC109 and SiC110 were samples deposited
with the exact same parameters as SiC086 but left in the UHV system during the anneal.
Since they were not facing the heater on account of the deposition, the heater temperature
was raised to 1400 ◦C to reach a suitable substrate temperature for sublimation. At this
heater temperature, the Si substrate began to melt into the graphite tray, hence the absence
of SiC109 on (111) Si and the extremely short dwell times. The temperature ramp up to and
down from the annealing temperature was 200 ◦C/min in all cases. The dashed vertical lines
represent expected locations for the D, G, and 2D bands of C. The black lines represent EG
and the red lines represent MCG.
the TO(X) mode, which occurs at 761 cm-1 [131]. The absence of these peaks in the pink
spectrum of SiC086 is a result of the high temperature anneal that sublimed the Si, which
was completely expelled from the film, and altered the thin film composition. The four
other lower temperature annealing experiments of SiC086 indicate that the Si was not
completely expelled as evinced by the remaining 3C-SiC phonon modes. Depending on
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the activeness of the film, these weaker second and third order overtones are sometimes
not observed. However, Figure 4.69 shows that these higher order phonon modes are also
present in all of the 3C-SiC films on 4H-SiC substrates placed on the molybdenum holder
without the hole (see Table 4.4 and §4.3).
Figure 4.69: Raman spectra of the 3C-SiC films on 4H-SiC exhibiting phonon modes due to
second and third order overtones.
Some samples were polished using the colloidal silica solution to smooth the surface
prior to the anneal but it did not seem to affect the final results. Because the samples had
to be removed from the UHV in order to be remounted so that they could face the heater,
attempts were made to anneal samples facing away from the heater immediately after
deposition so as not to contaminate the surface by keeping them in UHV. These attempts
were labeled SiC109 and SiC110 and deposited under the exact conditions as SiC086. The
large difference between the heater and sample surface forced the heater temperature to
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be 1400 ◦C in order to reach a suitable temperature for surface reconstruction. This also
caused the Si substrate to melt into the graphite tray, thwarting the ability to dwell at this
temperature for any substantial length of time as indicated in Figure 4.68. Evidence of
this temperature balancing act manifests itself by the absence of any film, and therefore
any measurement, of SiC109 on (111) Si.
If any hope can be had from these experiments, it comes in the form of the weak D
and G peaks that are visible in the orange and pink curves of SiC086. It is even possible
to see a small blip near the 2D peak location in the orange curve. This at least verifies
that the Si is subliming and that the C is reconstructing. However, it is believed that the
grain sizes are just too small to sustain any large terraces of continuous C. Consequently
any signal coming from these areas would appear weak. The thinness of the films is also
a drawback when trying to synthesize graphene. The optical images in Figure 4.70 show
the surfaces of SiC081 ( in Figure 4.68) and SiC086 ( in Figure 4.68) after the annealing
process. The sublimation appears to be generating gaps in the film and, because of its
(a) (b)
Figure 4.70: Optical images of (a) SiC081 ( in Figure 4.68) and (b) SiC086 ( in Figure
4.68) after annealing. The voids are extremely dense and have increased in size after becoming
unsealed by the subliming film.
thinness, quickly unsealing the Si voids, which leads to an over abundance of Si and
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further film area reduction. From these results, it is clear that the films are not robust
enough to withstand these high temperatures without damaging the quality.
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Chapter 5
Conclusions
The insulating nature of the hollow cathode SiC target made it difficult to generate a
high sputtering rate using straight DC power, and RF sputtering tended to dislodge
atomic impurities from the insulating shell of the torch which were then incorporated
into the film. A pulse sputtering setup was created to try and increase the deposition rate.
Although only moderate gains were achieved in the rate, the pulse sputtering process
continued because the film quality was just as good, if not better. These films were
deposited in the hopes of creating a heterojunction partner for SiC that could provide
bandgap grading by incorporating a small amount of germanium into the SiC lattice.
Initial efforts to homoepitaxially grow 4H-SiC on 4H-SiC substrates were thwarted
by the limited heater temperature. The substantial thermal gradient between the heater
and substrate surface did help the cause. Advanced XRD setups were used to identify
that the films were indeed 3C-SiC being grown on the 4H-SiC substrates. After the
realization that the growth polytype was limited to 3C-SiC because of the temperature
limitation, the 4H-SiC substrates were replaced by less expensive Si substrates, which
have a greater potential for commercial viability when experimenting with the cubic
phase of SiC. Attempts to incorporate small amounts of Ge into the 3C-SiC compound
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were uneventful at temperatures typically used to create single crystal 3C-SiC (> 900 ◦C),
which coincidentally is also above the melting point of Ge. At lower temperatures near
700 ◦C, signs of coexisting SiC compounds and SiGeC alloys were clearly evident, with
visible Ge-C bond features. No conclusion could be confirmed however about the atomic
location of the bonds.
Another area of interest that directly applied to the 3C-SiC films deposited onto Si was
the potential of synthesizing graphene. The recent isolation and electrical characterization
of graphene has led to a surge in its interest. Epitaxial graphene on α-SiC substrates has
proven to be an effective way of creating it. However, because all SiC polytypes grow by
stacking only three distinct hexagonally close-packed layers, the [111] 3C-SiC and [0001]
4H-SiC directions look nearly indistinguishable on the surface up to four bilayers deep.
Therefore attempts to generate graphene were undertaken on the best 3C-SiC films. Weak
signals in the Raman spectra appeared that suggested the surface was converting to C,
but there was no indication of structured formation evinced by graphene layers. The
method of synthesizing the graphene was known not to be at fault because layers were
grown on commercial 4H-SiC substrates. Unfortunately the films were limited in grain
size to ~50–100 nm and, although in some cases exhibited roughnesses less than 2 nm,
apparently did not possess the capacity to support large terraces of graphene.
Throughout this study, the experiments to garner information about the pulse sput-
tered 3C-SiC films have mainly focused on the structural aspects because in order to
facilitate the desirable electrical properties available in essentially all SiC polytypes, the
structure must be sound and relatively free of defects. Although the FESEM images
indicated that the films were not single crystal, the XRD and electron diffraction patterns
of the best films indicated that collectively the grains oriented equivalently so as to appear
nearly monocrystalline. They also indicated that the growth, although not epitaxial in
the strict sense because it is not single crystal, was highly ordered and highly textured,
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whether it be on 4H-SiC, (111) Si, or (110) Si substrates. The major problems associated
with growing 3C-SiC on substantially lattice mismatched Si substrates could not be
completely avoided as many of the films showed evidence of stacking faults and twin
planes. The defects seemed to be suppressed somewhat on the better lattice matched
(110) Si substrates, but were not completely eliminated. Carbonized buffer layers were
also generated to alleviate the stress-inducing lattice mismatch, but the approach did
not yield better results. The best films generated by the hollow cathode pulse sputtering
technique reached the precipice of single crystal growth but were never able to cross
the line. Because of the nature of plasma dynamics, film reproducibility was never
reliable. However, the hollow cathode technique did offer advantages quickly producing
crystalline films and avoiding extra carbonized buffer layer steps.
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Appendix A
Lattice Match Calculations
The area calculations between lattice point matches of (111) 3C-SiC and (111), (110), and
(100) Si substrates are addressed in further detail here. Figure 3.12 is replicated in Figure
A.1 at the end of Appendix A for convenience. The unit spacing between lattice points
along the chosen right angle basis directions of each surface is shown listed in Table A.1.
Table A.1: Designated unit spacing between surface plane lattice points along the chosen
basis direction.
Longitudinal Direction Transverse Direction
(111) 3C-SiC 1√
2
aSiC = 0.308 nm
√
3
2 aSiC = 0.534 nm
(110) Si 1√
2
aSi = 0.384 nm aSi = 0.543 nm
(100) Si aSi = 0.543 nm aSi = 0.543 nm
(111) Si 1√
2
aSi = 0.384 nm
√
3
2 aSi = 0.665 nm
As demonstrated in Figure A.1, one unit of the (111) 3C-SiC surface in the transverse
direction (0.534 nm) closely matches one unit of the (110) Si surface in the transverse
direction (0.543 nm) and five units of the (111) 3C-SiC surface in the longitudinal direction
(1.541 nm) closely match four units of the (110) Si surface in the longitudinal direction
(1.536 nm). Thus, in a rectangular area of 0.543 nm× 1.536 nm = 0.834 nm2 there are
four closely matched lattice points at the interface between film and substrate. Using a
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similar process for (100) Si and (111) Si, the rectangular area enclosed by four closely
matched lattice points turns out to be 1.18 nm2 and 4.09 nm2, respectively. Thus, (110)
Si has an advantage in providing a suitable interface by requiring approximately 79.6%
less area than (111) Si to match the same number of lattice points between the film and
substrate. The complete unit spacing matching results are listed in Table A.2.
Table A.2: Number of unit spacings along the (a) transverse and (b) longitudinal directions
between lattice point matches. The value before the slash is the unit spacing for (111) 3C-SiC
and the value after the slash is the unit spacing for the specified Si wafer orientation. This is
schematically depicted in Figure A.1.
(a) Transverse units
(110) Si (100) Si (111) Si
(111) 3C-SiC 11 11 54
→ in nm 0.5340.543 0.5340.543 2.672.66
(b) Longitudinal units
(110) Si (100) Si (111) Si
(111) 3C-SiC 54 74 54
→ in nm 1.5411.536 2.1582.172 1.5411.536
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Figure A.1: Lattice interface plane diagrams and calculations indicating (in red) the number of
common lattice points per area between (111) 3C-SiC and (111), (110), and (100) Si substrates.
The lattice constants used for 3C-SiC and Si in the calculations were aSiC = 0.436 nm and
aSi = 0.543 nm, respectively.




The hexagonal system has a unique way of indexing and identifying planes and directions
that involves four unit vector directions: a1, a2, a3, and c. The basal vectors are separated
by 120◦ and related to each other so that only two of the three, along with the vertical
axis, are required to identify a unique plane or direction. However, they are typically all
used in the full Miller-Bravais representation to easily identify similar and symmetrically
located planes.
The intercepts of a plane on a1 and a2 define the plane intercept on a3 such that the
value of i in the four-index (hkil) notation is defined by
h+ k = −i. (B.1)
Of course i can be eliminated without loss of information. Directions can also be specified
with three or four indices, but, because the third index does not directly correspond
to the magnitude of the direction along the a3 vector like the other indices, the three-
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index notation is just as common as the four-index notation. The relationship between a
direction defined by [UVW] and the same direction defined by [uvtw] is




(2U −V) v = 1
3
(2V −U) t = −(u+ v) w =W. (B.2)
Several planes and directions are labeled in both three- and four-index notation using
Equations B.1 and B.2 according to the hexagonal system in Figure B.1. More information





(1 00) = (1 0)11
1(10 1) = (101)
(0001) = (001)
1( 2 0) = ( 20)1 1
[001] = [0001]
[100] = [2 0]11
[210] = [10 0]1
[011] = [ 2 1]11
[010] = [ 2 0]11
[ 0] = [ 20]1111
Figure B.1: Hexagonal indexing system showing the unit vector directions and plane and
direction notation with three and four indices. Although the hexagonal unit cell is often imaged
in the form of the black hexagonal prism on the left, its simplest unit cell is actually of the
shape outlined in blue.
Appendix C. Face-Centered Cubic (FCC) Brillouin Zone 196
Appendix C
Face-Centered Cubic Brillouin Zone
The first Brillouin zone contains high symmetry points that are often used as waypoints
when mapping out the band structure of materials and identifying Raman scattering
modes. The Brillouin zone is directly related to the real space unit cell of the crystal.














Figure C.1: The first Brillouin zone of the FCC lattice.
symmetry points are identified by the reciprocal lattice vector basis: kx, ky, and kz.
Further information regarding this topic can be found in the book by Pierret [132].
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